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SUMMARY

Existing knowledge of Jupiter's m
phere, atmosphere, and interior is summarized, and critical
measurements which can be made from fly-by missions to Jupiter
are indicated.

Studies of radio emission have indicated the presence
of a sizable magnetic moment and radiation belts of energetic
electrons. Estimates place Jupiter's surface magnetic field
strength at about 10 gauss, and indicate the presence of radi-
ation belts, similar to the Earth's in configuration, but with
particle densities about 1000 times greater than the Earth’s.
These estimates are probably correct to within an order of mag-
nitude. The magnetosphere extends to at least 40 Jupiter radii
at the subsolar point.

The presence of an ionosphere has been deduced
theoretically, assuming a model atmosphere. Primarily because
of lower solar radiation flux and smaller reccubination cross
sections, the theories predict lower ionization and recombina-

tion rates on Jupiter than on Earth. The resulting concentrations

of electrons are estimated to peak at about 106 electrons/cm3

at about 200 km above the cloud tops.
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Three constituents have been identified in Jupiter's
atmosphere by spectral observation. Hydrogen is known to be
present in large quantities though the actual amount of hydro-
gen is quite uncertain at present. Amounts of methane (150
meter atmospheres) and ammonia (7 meter atmospheres) are small.
Based on cosmic abundance arguments, large amounts of helium
should also be present, with smaller amounts of neon.

The temperature in the Jovian atmosphere has been
measured at various wavelengths in the microwave and infrared
regions of the spectrum. The temperatures obtained (= 150°K)
are somewhat higher than the blackbody temperature for the
planet (93°K - 131°K). They fluctuate over a range from 125°K
to 200°K in the wavelength range 8. to 3 cm, indicating that
the observed thermal emission at the different wavelengths
comes from different depths in the atmosphere.

Model studies of Jupiter's interior have indicated
the possible presence of metallic hydrogen and a high density
core near the center of the planet. Large errors may be pre-
sent in calculated densities, because of the lack of knowledge
of the equation of state for hydrogen and helium under pressures
calculated (up to 107 atmospheres), which lie above terrestrial
measurements (up to 2 x 10% atmospheres).

The magnetosphere, atmosphere, and interior of
Jupiter are of primary scientific interest at this time. Al-
though properties of the magnetosphere and atmosphere can be

measured relatively directly by a spacecraft, the interior is
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inaccessible to direct measurements. Useful gains
in knowledge of the interior are possible, however, from in-
ferences that can be drawn from a better knowledge of the
magnetosphere and atmosphere. Eleven measurements which are
feasible now or in the near future are suggested for early
missions to Jupiter. Most are directly concerned with Jupiter's

magnetosphere or atmosphere. Parameters measured would be:

1) magnetic field strength and orientation, 2) flux of 40 kev
electrons, 3) flux of relativistic electrons, 4) flux of
energetic protons, 5) atmospheric and ionospheric scale heights,
6) ionospheric electron density profiles, 7) emission spectra
from 1000-7000 Z, 8) H, He, and Ne line strengths under high
resolution, 9) temperature at 10-13p, 10) temperature at 7 mm,
and 11) polarization of reflected sunlight.

It is concluded that:

1. A modest number of experiments carried out on a
spacecraft fly-by mission to Jupiter can sig-
nificantly add to present knowledge.

2. The distance of closest approach to Jupiter can
be quite large,up to 40 R,, for significant
yields from some of the most important experi-
ments. For magnetospheric studies, step
functions in information level occur for
penetration within 6 RJ and within 3 RJ.

3. Trajectory requirements for a particularly
desirable mission are quite reasonable,
requiring an ideal velocity of 54,000 ft/sec
and a time of flight from Earth to Jupiter
of 500 days.
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Report No. P-10

CRITICAL MEASUREMENTS ON EARLY MISSIONS
TO JUPITER

1. INTRODUCT ION

The primary attraction of Jupiter as an object of
scientific investigation.is that the Jovian planets are very
different from the terrestrial planets with which we are some-
what familiar. Jupiter and the other giant planets are char-
acterized by their large masses and low densities. The mass
of Jupiter is equal to 318 Earth masses; the smallest known
star is only 16 times more massive than Jupiter. Yet the mean
density of Jupiter is only 1.3 gm/cm3, compared with 5.5 gm/cm3
for the Earth.

It is generally assumed that these differences can be
interpreted in terms of basic differences in the evolution of
the planets since the time of their formation. In this view,
it is suggested that the atmospheres of the terrestrial planets
are secondary, having been produced by outgassing after the

primitive atmospheres were dissipated. The Jovian planets,

however, are thought to retain a large fraction of their
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primitive atmospheres, with roughly the same relative composi-
tion suggested by the cosmic abundance of the elements. Since
hydrogen and helium are the most abundant elements, the low
mean densities of these planets can easily be explained.
Present observational data appear to support this view. Thus
an examination of Jupiter permits us to study the lighter
froction of the elements that were available for formation of
the planets in roughly their original relative abundances.

In addition to this basic reason for interest in
Jupiter, the planet presents a fascinating array of puz:ling
phenomena, most of which are only imperfectly understood. As
an example, Earth, Jupiter, and possibly Saturn have radiation
belts and substantial magnetic fields, while Mars and Venus do
not. To explain this basic similarity amidst such basic differ-
ences is a challenge in any attempt at a comprehensive under-
standing of the solar system.

The purpose of this report is to review the most recent
observations and theories about various Jovian phenomena and
their relationship to the slowly emerging picture of the basic
structure of Jupiter. Section 2 discusses what kinds of space-
craft experiments will best supplement our present knowledge
and resolve the differences in current theories of Jupiter.
Interestingly, a rather simple low-energy mission to Jupiter is
capable of yielding valuable inﬁgrmation. Section 3 is a
detailed discussion of those aspects of Jupiter which were
considered in this study.

tHIT RESEARCH INSTITUTE



It is anticipated that much of the material presented
will be out of date within a few years, since consideralle
attention is being devoted to Jupiter and information is bound
to accumulate at a rapid rate. Nevertheless, some of the

material and some of the suggested trends in thinking will

2. CRITICAL MEASUREMENTS AND THEIR INFLUENCE ON
FLY-BY MISSIONS TO JUPITER

Much information about Jupiter has been obtained from
ground-based observations, but more critical information can
be obtained most appropriately from spacecraft missions to
Jupiter. Some critical measurements that can significantly
aid our understanding of Jupiter are summarized here. A
selected set of trajectories is included, since the choice of
a trajectory influences many of the measurements. The reason-
ing leading to the choice of measurements is amplified in
Section 3.

2.1 Measurements

Table 1 lists some of the most important measurements
to be made on early fly-by missions to Jupiter. Included in
the table are ranges, possible instruments, maximum desired
distance of closest approach, lighting conditions, and the

reference to the more complete discussion in Section 3.
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Experiment 1 - Magnetic Field

Of the planets and satellites that have been studied by
spacecraft - Earth, moon, Venus, Mars - only Earth is known to
have a substantial magnetic field and a resulting magnetosphere.
Jupiter also has a substantial magnetosphere, the details of
which can best be studied by a mission to the vicinity of the
planet.

Some knowledge of Jupiter's magnetosphere has been ob-
tained from Earth-based observations of radio emission. 1In
particular, it is known that a large magnetic field, estimated
to be of the order of 10 gauss at the surface, surrounds
Jupiter. Jupiter's magnetosphere extends about forty Jupiter
radii from its center (40 RJ) toward the Sun and farther in
other directions.

Large numbers of relativistic electrons almost certainly
form a radiation belt from LJ = 2 to LJ = 3, LJ = N being a
field line having (magnetic) equatorial distance N Jupiter radii
from the (magnetic) center of Jupiter. For L, > 2, a position
on the (rotational) equatorial plane at R; has L.~R

J J " 7J?
effects of off-centered and slightly skew magnetic moments

the

leading to only small differences.

The magnitude of Jupiter's magnetic moment is uncertain
to an order of magnitude or two. Its configuration, i.e.,
whether dipole or not, and, if so, the location of the dipole
center, are speculative. Its extent (the size of the mag-

netosphere) is better known. However, the interactions
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with the solar wind probably lead to a standoff shock wave and
a turbulent transition region between the shock and the magneto-
sphere and they are not capable of examination from Earth.,

Measurements of the magnetic field along the spacecraft's
trajectory can considerably improve present knowledge of the
size and the configuration of Jupiter's field. A rubidium
vapor magnetometer of the type flown on IMP I is suitable for
the weak fields (1/2v :5 60y) in the outer portion of the
magnetosphere. For measurements closer to Jupiter extension of
the range to the higher field strengths shown in Table 1, or
inclusion of a second instrument will be necessary.

Minimum trajectory requirements are that the space-
craft enter Jupiter's magnetosphere, which is expected to occur
beyond 40 R;.

Experiment 2 - Moderate-Energy Electrons

The origin of decameter radio emission from Jupiter is
not well understood, though many theories have been proposed.
It is known that the planetary satellite Io at 6 Ry is involved.
If the emission mechanism were understood, the vast amount of
data on decameter emission could be used to study numerous time-
dependent processes occurring in Jupiter's magnetosphere.

The key to interpreting the decameter emission may be
a measurement of the fluxes of moderately energetic (10 to
100 kev) electrons in the vicinity of the orbit of Io, since
the two most widely accepted theories both require the existence

of such electrons. The counters flown on Injun III, but
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modified to handle the larger fluxes per unit energy interval
of 109 to 1013 per square centimeter per second per kev
(199-1013/cm2 sec kev) anticipated for Jupiter, are suitable.

The trajectory requirement is that the measurements be
made near 6 Ry and less.

Experiment 3 - Relativistic Electrons

electrons at 2 to 3 R;- Chang and Davis (1962) have reported
a relation between observed radiation and density of energetic
electrons, size of radiating region, and magnetic field. Direct
measurement of the flux of relativistic electrons can yield the
density and the size. Thus, in addition to providing direct
knowledge of the radiation belt properties, the inferred mag-
netic field magnitude can be compared with a direct measurement.
With modification, the University of Chicago counter
flown on IMP I is probébly suitable for measuring fluxes of

4 to 106/cm2 sec mev.

high-energy electrons in the range of 10
The spacecraft should penetrate to within 3 RJ near
the equatorial plane in order to get into the radiation belt.

Experiment 4 - Energetic Protons

Present knowledge neither affirms nor negates that an
energetic proton radiation belt like Earth's exists near
Jupiter. Since such a belt might present a hazard to future
missions going near Jupiter, it is important that early
missions seek to determine whether it exists.

Measurement of fluxes of energetic protons can be use-

ful in finding a radiation belt. Energetic proton detectors

HT RESEARCH INSTITUTE
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having various flux ranges have been flown in many spacecraft,

so the preparation of a counter sensitive to » 30 mev protons

over the desired range of 108 to 1011/cm2 sec should present
no difficulty.

In analogy with Earth's inner Van Allen belt, any
proton belt might be expected to be rather close to the planet.

Therefore t

= P4

btain useful information, the spacecraft should

(w]
2

come within 3 RJ.

Experiment 5 - Occultation

A quantity of considerable interest in the analysis of
planetary atmospheres and ionospheres is the scale height at a
given elevation. The atmospheric scale height is the distance

over which the atmospheric density changes by a factor 1/e.

The ionospheric scale height is the distance over which the
electron changes by a factor 1l/e. ‘
The scale height of Jupiter's atmosphere was measured by
Baum and Code (1953), who observed an occultation of a star by
the planet. It would be of great value to repeat this measure-
ment from a spacecraft, however, particularly if the atmospheric
temperature were measured simultaneously. If it is possible to
determine the temperature at the atmospheric level at which the
scale height is determined which might be obtainable from the
occultation data, the molecular weight could also be determined.
The presence of a Jovian ionosphere has been predicted
on Jupiter from deducfions based on decameter radio emission

and from photochemical reactions expected. Such an ionosphere
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could be of major interest in planning communications for later
spacecraft missions and in understanding the physical and photo-
chemical processes taking place in the atmosphere. If radio
frequencies are used during the occultation, the ionospheric
scale height can be measured.

An occultation experiment of this nature has already
been successfully carried out for the Martian atmosphere and
ionosphere from Mariner IV. The observations were made with an
S-band signal (2300 Mc). This frequency will probably not be
appropriate for a Jupiter experiment, because of strong inter-
ference from the electron radiation belt. It will be necessary
to use a frequency at which the intensity of the radio signal
emanating from the planet itself can be overcome. Frequencies
near 10,000 Mc can be used to measure atmospheric scale height.
Frequencies from 30 to 50 Mc are necessary if the ionospheric
scale height are also desired.

Trajectory requirements are minimal; a 40 RJ minimum
approach is satisfactory.

Experiment 6 - Ionosphere

A more sophisticated ionospheric experiment is a top-
side ionoscade, which is capable of determining a profile of

the electron density above the region of maximum density.

5 to 107 electrons/cm3

3

Theoretical values currently range from 10
For an electron density range of 10° to 107/cm , a frequency
range of 3 to 30 Mc is required. There is a current NASA top-
side ionosonde program in which such measurements have been made

from orbiting satellites at frequencies in the proper range

11T RESEARCH INSTITUTE




In order to be effective, a relatively close approach,

{3 R., must be made.

J’
Experiment 7 - Overall Composition

Methane, ammonia, and hydrogen are known to exist in
the atmosphere of Jupiter, although the amount of hydrogen is
known to no better than an order of magnitude.

Arguments based on the cosmic abundance of the elements
suggest the presence, in addition, of a large amount of helium
and small quantities of neon and argon. The photochemical
reactions expected in an atmosphere of this composition suggest
traces of other constituents, e.g., ethane. It has not been
possible to verify the presence of any of these elements prim-
arily because the ultraviolet region of the spectrum is in-
accessible to ground-based observations.

The presence of trace constituents and the amount of
hydrogen can be determined from a suitably equipped spacecraft.
The ultraviolet spectrum could be examined without interference
from Earth's upper atmosphere. More importantly, a fly-by
passing behind the planet would permit detection of the emission
spectrum from the dark side, rather than the reflection spectrum
now observed from Earth. The required instrumentation is a
spectrophotometer of the type already considered for the Mars
Mariner series. The spectral range should be 1000 to 7000 Z,
with variable resolution (A /)\) to a maximum of 5000.

Since only the entire planet need be resolved, measure-
ments at 40 R; or less will be satisfactory, although better
spatial resolution would be desirable.

11T RESEARCH INSTITUTE
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Experiment 8 - Detailed Spectra

The spectrophotometer employed for Experiment 7 cay also
be employed as a photometer by setting it at a fixed wavelength.
With a svitable cptical system one can scan over the disk ;nd
variations in the concentration of a given constituent can be
detected. The suggested wavelengths are 1216 3, for detecting
hydrogen; 3888 A, for helium; and 6402 A, for neon.

Since high spatial resolution is desired, a relatiyely
close approach, { 6 Ry, is required.

Experiment 9 - Infrared Temperature

The variation of Jovian temperature with depth is a
function of the atmospheric opacity, which at present is not well
known. Any discussion of the thermal history of the planet
depends on knowledge of the way in which the atmosphere affects
the trgnsfer of radiation. It is therefore of great interest to
obtainatemperature measurements at a variety of wavelengths,
which can be roughly related to the depth at which the thermal
emission occurs. Preferably high angular resolution should be
used, so that isotherms can be drawn over the disk of the planet
and compared with visual features.

Such work has been initiated by means of ground-based
observations through the 8 to l4u atmospheric window. However,
the available instrumentation must be modified for iﬁclﬁsion
in a spacecraft. The instrument should be capable of detecting
temperature differences of 0.5°K over a range frbm 1000 to 225°K.
A detailed scan of the disk in the 10 to 13up region, including

observations of the dark side, is suggested. This will extend
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the angular resolution obtained from the ground, will permit
determination of cooling rates, and will facilitate correlation
of ground-based and fly-by measurements.

A relatively close approach, {3 Ry, is required to

justify this sensitivity and to obtain the desired spatial

resolution.

Experiment 10 - Radio Temperature

A gallium~-doped germanium bolometer of the type des-
cribed by Low (1961) is suggested for detection of infrared
emission between 5000 and 1000x (1 mm). This represents the
wavelength interval between the lowest rotational line of
ammonia and the highest microwave frequency at which ground-
based observations can be made. The observations should be
extended to the dark side in order to determine cooling rates
over the disk.

As in Experiment 9, a close approach, {3 Ry, is
probably required.

Experiment 11 - Optical Polarization

Polarimetry is one method for determining the physical
state of clouds high in Jupiter's atmosphere, since the polar-
izing properties of a cloud are strongly dependent on particle
size and refractive index. From the Earth it is possible to
observe only 11° of phase angle, but a spacecraft on a fly-by
mission views all phase angles, 0 to 180°. Furthermore, poor
seeing, a problem not encountered in spacecraft missions,

makes Earth-based measurements difficult.
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The 54,000 ft/sec, 500 day flight has the following

desirable features, for both miss distances of 2.5 R.J and 5 RJ.

1. Jupiter is at opposition at intercept, so that
communication distance at intercept is minimal
(4.2 AU).

2. The spacecraft views both the light and the dark
sides of the planet before it reaches minimum
approach distance. Thus any possible damage to
instruments by a proton radiation belt will tend
to occur after most of the data have been obtained.

3. The spacecraft is injected into an orbit crossing
Earth's orbit and passing near the Sun. Thus,
stored information can be transmitted when
communication distance is low, and the inter-
planetary regions near the Sun might be explored.

The energy, 54,000 ft/sec, and time of flight to
Jupiter, 500 days, are not too severe requirements for modest
payload missions in the early 1970s. For example, a 700-1b
spacecraft, not including shroud and adapter, can be sent with
an SLV3X-Centaur-Kick and a 1700 1b spacecraft can be sent
with a Saturn 1B-Centaur.

2.3 Conclusions

1. A modest number of experiments carried out on a
spacecraft fly-by mission to Jupiter can signifi-
cantly add to present knowledge.

2. Most of the instruments capable of performing the
critical measurements required are modifications
of existing instruments that have been flown in
spacecraft or of instruments currently in develop-
ment under NASA sponsorship.

IIT RESEARCH INSTITUTE
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3. The distances of closest approach to Jupiter can
be quite large up to 40 R., for significant yields
from some of the most important experiments
(No. 1, 5, 7, and 11 of Table 1).

4. Trajectory requirements for a particularly desir-
able mission are quite reasonable, requiring an
ideal velocity of 54,000 ft/sec and a time of
flight from Earth to Jupiter of 500 days.

. DETAILED STUDIES OF JUPITER

w W
[y

Magnetosphere

The results from Mariner II and Mariner IV show that
neither Venus nor Mars has an appreciable magnetic moment. In
contrast, intense nonthermal radio emission indicates that
Jupiter has a large enough magnetic moment to support an exten-
sive magnetosphere.

Steady radio emission at decimeter wavelengths comes
from a region roughly 6 R; wide and 2 R; high; this strongly
implies the presence of large numbers of relativistic electrons
trapped on lines of a magnetic field of considerable magnitude.
Farther out, Io, a satellite of Jupiter, appears to trigger
events that lead to intense bursts of radio emission at
decameter wavelengths. These bursts can make Jupiter the
brightest object in the sky over short times in a restricted

frequency regime. How these bursts are triggered remains a
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mystery, but their mere presence indicates interesting phenomena
occurring inside Jupiter's magnetosphere.

Jupiter's field lines probably extend to about 50 Ry
at the subsolar point and farther in other directions. A space-
craft missing the giant planet by as much as two million miles
on the sunlit side and even farther on the dark side still inter-
sects Jovian magnetic field lines.

Extensive reviews of the radiation from Jupiter can be
found elsewhere (J. A. Roberts 1963, Smith and Carr 1963,
Warwick 1964). The present review, while less complete in
certain respects, is current and is oriented toward suggesting
critical experiments that can increase present knowledge.

3.1.1 Decimeter Radiation

Analysis of the observed microwave (decimeter)
radiation from Jupiter indicates the existence of a moderately
large magnetic field and a belt of large numbers of relativ-
istic electrons.

Since 1958 there have been an increasing number of ob-
servations of nonthermal radiation from Jupiter at and near
decimeter wavelengths. A notable feature of these observations
is the consistency of the results of various experiments.

J. A. Roberts (1963) has summarized the individual observations.

The intensity of the total radiation, both linearly
polarized and unpolarized components, is measured by radio

telescopes of moderate resolution. They compare the radiation

HT RESEARCH INSTITUTE

18




f

flux from Jupiter with that from other radio sources. The
flux of radiation received at Earth, normalized to an Earth-
Jupiter distance of 4.2 AU, is given in Table 2. Most of the
radiation was observed at wavelengths below 100 cm. Below
about 10 cm the nonthermal radiation competes with fairly in-
tense thermal radiation. Since it has been impossible so far
to separate the thermal from the nonthermal component by any
characteristic features in the radiation, the flux below 10 cm
is not listed.

However, the frequency limits of the nonthermal radia-
tion affect any estimate of the total output of radiation from
Jupiter, since extrapolation of the intensity spectrum to
small wavelengths indicates that approximately half of the
radiation comes from wavelengths shorter than 10 cm. In com-
puting the total output, we extrapolated down to 3 cm, with a
cutoff at that point. This procedure is similar to that
followed by Chang and Davis (1962).

A linearly polarized component is about 30 percent of
the total radiation (Morris and Berge 1962). It is largest at
the outer edges of the radiation region in the equatorial plane
of Jupiter and at the longest wavelengths (31 cm) at which
polarization is measured. The dependence of the amount of
polarization on both wavelength and position is not great,
however.

Attempts to measure a circular component of polarization
from the radiation from Jupiter have been unsuccessful. The

IIT RESEARCH INSTITUTE

19




Table 2

NONTHERMAL DECIMETER RADIATION CHARACTERISTICS

Quantity Measured Value
Flux spectrum between 3 cm and Partly nonthermal
10 cm
Flux spectrum between 10 cm and  (3+1) x 10'26()\/cm)0‘3 watt/
100 cm m2/cps
Total nonthermal decimeter (2.5+1) x 109 watt
radiation
Amount of polarization (30+10)% linear

{5% circular

Angle between magnetic and 9°
rotation axes
Rotation period 9h 55m 29s + 2s
Source size and location 3 Ry out in E-W direction

1 Ry out in N-S direction
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percent circular polarization listed in Table 2 is an upper
bound.

The plane of polarization as viewed from Earth oscil-
lates with time. The amplitude of this oscillation is approxi-
mately ten percent on either side of the mean and can be
accounted for by a constant angle between Jupiter's rotation

0o

axis and magnetic dipole moment of 5° (Morris and Berge 1962).

The period of this oscillation of the plane of polarization is
the same as the rotation period for emission of decameter
radiation (within the errors of the experiment, Morrison 1962).

Since the disk of Jupiter is at the limit of resolution
of most radio telescopes operating at wavelengths of the order
of 20 cm, sophisticated techniques must be employed to resolve
the radiation. Several methods have been used.

1. The most commonly used technique is inter-
ferometric. The results at 21 and 31 cm show
that the radiation emanates from a region that
is centered inside the disk of Jupiter and
that extends to 3 RJ in an east-west direction
and to 1 RJ in a north-south direction
(Radhakrisknan and Roberts 1960).

It is also possible to estimate the brightness
temperature as a function of position by super-
imposing cuts across the region of Jupiter in
both the north-south and east-west directions,
but these brightness temperatures are subject
to large errors. Results have been reported
orally (Berge 1964).
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2. Another method is an occultation method. 1In 1962

Jupiter was occulted by the moon in a roughly
east-west direction to the radiation region.
This occultation was observed in Australia by
Kerr (1962), who reported that the total width
of the radiation region at 70 cm was, as found
before, 6 R..

Based on the fact that the source of the decimeter
radiation from Jupiter extends well beyond the visible disk,
the theories that might account for the observations are
limited to cyclotron or synchrotron emission from radiation
belts surrounding the planet. Both cyclotron and synchrotron
emission are due to a single cause - the acceleration of charged
particles (in this cese, electrons) as they move in circles
around a magnetic field line. Both types of emission lgad to
linearly polarized radio waves.

In cyclotron emission, the speed of the particle is
small compared to the speed of light. Thus, an observer sees
simple harmonic oscillation (SHO) of the charge at the
cyclotron frequency (eB/mc).

In synchrotron emission, the particle moves at speed
near the speed of light. The observer does not see SHO,
because the time lag for the wave to get out of the particle's
orbit is not small compared to the time the particle takes to

move through its orbit. The wave is Doppler-shifted in various

‘senses and by various amounts in each part of the particle's

orbit. Thus the frequency of the wave coming out is not
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"tuned" to the cyclotron frequency but is spread around the
cyclotron frequency by a large factor.

Field (1959), who inaugurated a discussion of various
theories, agrees with others that the decimeter observations,
especially of the direction of polarization, cannot be
explained by a cyclotron theory (1960, 1961).

Chang and Davis (1962) have computed w b=
served from a shell of relativistic electrons in a dipole mag-
netic field, with factors such as the magnitude of the magnetic
field, the number and density of electrors, and the energy
spectrum of these electrons left open as parameters. They con-
cluded that the decimeter observations can be explained, even
down to fine detail, by their synchrotron theory. Their ex-
planation has now received widespread agreement. Unlike a
cyclotron theory, synchrotron theory does not predict a unique
magnetic field and number of electrons. It does, however,
place constraints on these parameters.

Table 3 is a modification of a table by Chang and
Davis (1962). It lists properties of the electrons in the
radiation belts, assuming three different values of magnetic
field strength at the radiation region, which is placed on
field lines Ly = 3. The total radiation output in decimeter
wavelengths from Jupiter acts as a fixed constraint on the
product of the total number of radiating electrons and the
magnetic field. 1If a further assumption, that the size of the

radiation region is 10 times the volume of Jupiter, is made,

T RESEARCH INSTITUTE

23




.

Table 3

PROPERTIES OF THE SYNCHROTRON RADIATION
OF ELECTRONS IN A UNIFORM MAGNETIC FIELD

Magnetic Field B (gauss)
0.1 1 10
Critical energy* E. for radiation
at wavelengths of (in mev):
3 cm 75 25 7.5
30 cm 25 8 2.5
300 cm 8 2.5 0.8
Half-life of electrons (in years)
at E, 30 1 1/30
Gyroradius of electrons (in km) -2
at E_ 10 1/3 10
Number of electrons per em® if -2 -3 -4
total volume is 10 vy 2x10 2.0x10 2x10
Electron energy per unit volume _ _ -
in erg/cmg 8x10~’ 2.5x1078 8x107 10
B2/87 in erg/cm> 4x107% 0.04 4.0

* The critical energy, E. (7), for electrons which are to emit
radiation of wavelengtﬁ A is 0.55 times the energy at which
the power radiated per unit frequency interval has its maximum
at A.

+ Number required to give the observed emission of Jupiter in

the decimeter range.
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the total radiation output yields the product of number density
of electrons and the magnetic field.

The observed frequency spectrum of the radiation is
used to determine the energy spectrum of the electrons making
the radio emission. Since the nonthermal flﬁx is only weakly
dependent on wavelength (see Table 2), the electron energy
spectrum in the radiation belts is also rather flat. It is
interesting to note that a reasonably flat energy spectrum (a
power law dependence with an exponent less than 2; for example) -
is similar to the extra-spiz -~-system cosmic-ray spectrum. It

may be that energetic long=-lived charged particles undergoing

-

‘some form of magnetic acceleration may commonly have rather

flat'energy spectra, a suggestion originally made by Fermi
(1949).

The fact that the emission is synchrotron, which
requires relativistic electrons, places an upper bound to the
size of the magnetic field in the radiating region. The
critical energy shown in Table 3 must be significantly greater
than the rest energy of an electron if the electrons are
relativistic. The longest wavelength at which it is certain
that a cyclotron theory breaks down is about 30 cm, and so the
critical energy at 30‘cm must be significantly greater than
the rest energy of an eléétron, i.e., at least 1 mev. A cal-
culation shows that this places an upper bound to the magnetic

field at the radiating region of about 75 gauss.
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3.1.2 Decameter Radiation

Observations of decameter radiation coming from
the direction of Jupiter were made in 1955, somewhat earlier
than the first decimeter observations. Rather than existing
as a steady radiation, it is emitted in short bursts that last
from less than one second to hours. The radiation is sharply
tuned in frequency, having bandwidihs of the order of 1 Mc.

It occurs most strongly at center frequencies of the order of
20 Mc, with no emission above 42 Mc. The center frequency of
each burst drifts in time, some toward higher frequencies and
some toward lower.
A basic parameter describing a burst is whether it is
of sufficient intensity to be detected by a given, tuned
receiver at a given time. It has been found that the probability
of emission recurs in a periodic fashion with a period similar to
but not identical with the planet's rotation period in System II.*
Features in the observed decameter radiation also show
a periodicity, indicating rotation at 9h55M29.55 + 1S. System
III was invented to display decameter radiation features, such

as probability of emission, as a function of the longitude of

Jupiter facing Earth, where the features are nearly stationary

* The only visible features one can observe on Jupiter lie in
its atmosphere. Almost all non-equatorial belt features
rotate with nearly the same speed, about 9h55m41S + 20S, the
fluctuations caused by variable winds. System II 1s a co-
ordinate system which rotates with a speed matching a suitable
average rotation of non-equatorial belt features (period
9h55m§1,632$), Non-equatorial features then appear at nearly

fixed longitudes in the System II system.
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in time. Its period is defined to be 9h55m29 37s,

A typical display of new data is shown in Figure 3,
which is taken from Smith et al. (1965). The radiation is
most intense at frequencies of 22 Mc and 18 Mc with signifi-
cantly less radiation at the higher frequency and a slow trail-
ing off toward the lower frequency. Because effects of the
Earth’s ionosphere become important at frequencies below 10 Mc,
the trailing off there may not be real. This relatively
narrow frequency spectrum differs greatly from the almost flat
decimeter spectra.

The probability of emission at the higher frequencies
is thus a function of the Jupiter longitude facing Earth and
is at a maximum when the Jupiter longitude is approximately
130°, 240°, and 300°. These peaks have been called sources B,
A, and C by some experimenters. Warwick and coworkers call
the B peak the early source and the A and C peaks the main
source, on the basis of swept frequency analysis of the spectral
character of the bursts.

The probability distributions can also be converted to
power distributions, as shown in Figure 4. Again, there is a
marked dependency on System III longitude. From these curves
and others, the total average flux energy at Earth can be
estimated. This can be used to compute the total power emitted
from Jupiter, assuming that Jupiter radiates in all directions

with an equal total probability on the average. The result of
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this calculation is that the total radiated power in decimeter

,‘
-
{

wavelengths is only slightly less than the total power at
decimeter wavelengths (Table 2); that is, the total radiated
power from Jupiter in decameter wavelengths iSrv109 watts.

A recent and noteworthy discovery made by Bigg (1964)

is that the emission probability is a function not only of the

- -8 .

longitude but also of the position of the innermost Galilean
satellite of Jupiter with respect to the Earth-Jupiter line.

This means that plotting the probability of emission versus

Jupiter longitude gives an incomplete description.

In a recent report, Warwick and Dulk (1965) summarize the
most recent observations (January 1964-May 1965). Figure 5, which
is taken from their report, shows the dependence of the probability
of emission on both the position of Io in orbit and the Jupiter
longitude. The presentation is in the form of a contour map,
each contour representing a given probability of emission. Note
that the early source "emits' with significant probability only
when Io's position is about 90° from superior conjunction.
(Superior conjunction occurs when Io is on the Earth-Jupiter line,
behind Jupiter.) Furthermore, the main sources emit with greatest
probability when Io's position is near 240° from superior conjunc-

tion, with a lesser peak at 90°. Thus, to a first approximation,

W W @ W W N g Am

the probability of emission is significant only when both Jupi-
ter's longitude and Io's position are at one of the favored sets
of locations: (90°, 140°), (240°, 200°-340°) and (90°, 240°).
Dulk (1964) has analyzed the spectral content of the
early source emission, i.e., the (90°, 140°) region. He found
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that the spectral character of a burst, i.e., intensity

against frequency as a function of time through a burst, is

-

. nearly the same for all bursts at early source conditions and

is very different from the early source character for all other
bursts. Thus, Io, which lies at 6 RJ, has a profound influence
on the radio emission from'Jupiter.

Another feature of note in the decameter bursts is that

 the radiation is elliptically polarized, with a preponderance

of right-hand circular polarization over left-hand from the
Jupiter longitudes where emission is observed.

Douglass has reported a lengthening of rotation period
of the sources in the last few years. Figure 6, which is
reproduced from Smith et al. (1965), indicates this drift in
longitude of the red spot. Dulk and Gordon (1965) report a
recent decreasing drift, similar to the decreasing drift shown
for the red spot. This correlation in changes of rotation
rates may be attributable to a common cause and may indicate
strong magnetic influences on the red spot.

The observations over the last few years indicate a
definite correlation with solar activity. Figure 7, also
taken from Smith et al. (1965), displays‘this correlation. A
minimum of decameter burst activity occurs one year after sun-
spot minimum, a behavior remarkably similar to cosmic-ray
activity.

The results of the decameter observations are summarized

in Table 4. The very complexity of this radiation indicates
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Table 4

DECAMETER RADIATION CHARACTERISTICS

Flux:
Highly variable

Estimated total decameter radiation:
2.5 x 10° watts; 5 Mc < £ <40 Mc

Rotation period:

9B 55T 295 4+ 1S Years: 1952-1960

Change of rotation period:
Similar to red spot's Years: 1960-1963
change

Correlation with solar activity:
Similar to that of Years: 1958-1962
cosmic rays

Probability conditions of emission maximum:

Position of ITo Jupiter Longitude
90° 140°
240° 200°-340°
90° 250°

Frequency bandwidth per burst:
~NJ1 Mc

Frequencies of emission:
5 Mc to 40 Mc

Polarization:

Right-hand circular f> 18 Mc
for 907 of bursts

Less right~hand f {18 Mc

polarization than
907
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that, if it were understood, it would yield a great deal of
data on Jupiter's magnetosphere. A complete theory explaining
all the facts uniquely has not been proposed, although several
theoretical deductions have been made. Two possible theories,
both incomplete, have been proposed to explain these observa-
tions.

Ellis and co-workers in Australia (Ellis 1962, Dowden
1962, Ellis 1963a, b) have proposed that the radiation §s
generated by cyclotron emission from electrons in a radiation
belt. Warwick (1961, 1963a, b) on the other hand, has proposed
that the radiation is generated by Cherenkov emission from
electrons being dumped along field lines in polar regions,
the radiation reflecting off the surface of the planet or its
ionosphere and being beamed to Earth. (Cherenkov radiation is
the electromagnetic radiation present when the speed of a
moving disturbance exceeds the phase velocity of waves in the
surrounding medium.)

The theories are not mutually contradictory, so it is
possible that both or neithef proposed mechanism contributes
to the radiation. Both Ellis and Warwick start with a magneto-
sphere much like Earth's except: that the number of energetic
electrons is assumed to exceed Earth's by a factor of 100 to
10007 The field and the particle configuration required for
the theories are summarized in Table 5.

O0f the two theories, Warwick's more completely describes
the magnetic field and energetic electron distributions near
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Jupiter. The physical mechanism for the radio emission is as
follows. Electrons, which somehow have been scattered in pitch
angle (by Io?) such that they are no longer trapped in Jupiter's
magnetosphere, stream down a field line toward Jupiter's ionos-
phere or surface and eventually encounter a magnetic field
strength sufficiently high that their speed exceeds the speea
of the extraordina;y’ﬁave in the medium. Some kinetic energy
is then converted into Cherenkov radiation, which goes pre-
ferentially in the forward direction, i.e., toward the planet.

This radio emission is reflected by either the ionosphere or

‘the surface of the planet.

The geometry of the reflections is used'tq calculate a
longitude profile and a ffequency drift spectrum. 'The method
is as follows. Jupiter is assumed to have a dipole.maénetic
moment of unknown strength and posifion‘originafing inside its
core, which is tilted at 9° from the rotation axis, as required
by the results of the decimeter radiation.- The field'lines are
chosen such that an equatorial electron starts its journey dowﬁ
the field line at a distance of 3 RJ. (This choicg was méde
before it was known that Io is important; now it would be better
to consider particles starting at i = 6, although the results
are apt to differ by about a factor of only 2 or less.) Then
it is possible to fit the frequency spectrum-time profiles very

well if it is assumed that the magnetic field is an off-centered

-dipole;on the Earth-Jupiter line when the-Jupiter longitude

facing Earth is. 200°, located as sho?h in Figure 8. The size
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THE RADIATION BELTS ACCORDING TO THE THEORY OF WARWICK.
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of the magngtic dipole moment is determined by the frequency
scale and gives a field of 0.43 gauss at the equator of the
field line at L = 3.

This theory fits the following observations: the
elliptical polarization, the frequency spectrum-time profile,
and the longitude profile. The radiation is predominantly
right-hand polarized, which permits determination of the direc-
tion of the magnetic field.

3.1.3 Magnetic Field and Radiation Belts

‘The results of the observations and theories
about the radio radiation from Jupiter can be used to estimate
the properties of Jupiter's magnetic field and radiation belts.
Tab;e 6 compares the properties of Jupiter's and Earth's
magnetospheres. The reliability of the values given varies.
Those-values tﬁat come most directly and unambiguously from the
observations, such as the dipole. axis-rotation axis angle, are
quite reliable; whereas those th;t come from a tentative theory
such as the dipolé position, are much less reliable. The
numbers in the right-hand column of Table 6 give an estimate
of the relative reliability of the values,]l)being the wost
reliable and 1 the least reliable.

The size of the magnetic field is deduced by using

Warwick's theory. A factor increasing the reliability of the

value is that the magnetic field size at L = 1 implies a field of

about one gauss in the relativistic electron radiation belt, and
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Table 6

DEDUCED FIELD AND PARTICLES

Relative

Reliability
of Jupiter
Earth Jupiter Values
A. Magnetic Field
. . J+10G
1. Field strength at .31 gauss 106 1.7 5¢ 5
magnetic equator
2. Field dipole (to lst Yes Yes 7
approximation)?
3. Angle between dipole 11.4° 9° + 2° 10
axis and rotation
axis :
4., Position of dipole 20° off As in 2
center center Figure 8
> 20° off 9
center
5. Size of magneto- 10 Earth 50 + 10 R; 8
sphere (sunlit side) radii
B. Electrons
1. Density of~1 mev ~10"%/cm3 neMlO"z/cm3 4
electrons at L=2-3
2. Energy spectrum of None y=-=1+1 6
~ 1 mev electrons at known
- 1=2-3 (power law
;' spectrum: N(E)dExE"dE
3. Density of electrons .vl/cm3 n.-u103/cm3 3
between 10 kev and
100 kev at L~6,
magnetic equator
C. Protons
1. Density of ~10 mev NlOnA/cm3 ne10" /e’ 1

protons at L~1.5-3

Note: For purposes of this table, "~'" means one order of mag-

nitude, centered on the value following the "~ ".

"10" is the most reljable value; "1" is the least reliable.
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one gauss lies in the middle of the range suggested by Chang

and Davis (Table 3).

The orientation of Jupiter's magnetic field is deduced
from the oscillation of the plane of polarization of the
decimeter radiation and is quite reliable. The position of
Jﬁpiter's dipole center, on the other hand, is the feature most
open to doubt, because it is deduced from a controversial
theory. If the magnetic field is really as far off center as
is shown in Figure 8, the field strength at the point on
Jupiter's surface nearest the dipole can be as much as 500 times
the field strength at the surface at the farthest point.

Finally, it is possible to compute the size of Jupiter's

magnetosphere. We assume that the solar wind flux declines
with distance according to an inverse square law, and we set
the magnetic pressure of a compressed dipole Jupiter field at
the edge of the magnetosphere equal to the solar wind pressure
there. The result is a 50 RJ magnetospheric size at the sub-
solar point. The reason for the relatively high reliability
shown in Table 6 is that large differences in Jupiter's mag-

netic moment lead to only small changes in magnetospheric size.

Properties of the radiation belts' radiation are also
listed in Table 6. The results from decimeter radiation, such
as the relativistic electron density and energy spectrum, are
more reliable than the results from decameter radiation. Even

if Warwick's theory is correct, the electron conditions are not
uniquely specified at L = 6.
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Protons, because of their much greater inertia, do not
leave a radio emission '"'signature' as do electrons. We can
tentatively postulate that protons exist by considering the
magnetosphere of Jupiter as a whole. The evidence indicates
that there are about 103 times as many relativistic electrons
in the inner-electron zone of Jupiter than there are on Earth.
Furthermore, Warwick's postulate that the outer electron zone
near L = 6 contains about 103 times more ~ 10 kev electrons
than Earth fits the observations. Therefore, the extrapolation
that the number of hot protons in Jupiter's magnetosphere is
also about 103 more than on Earth is made, though with low
reliability. This extrapolation implies that Jupiter has an
inner Van Allen belt composed of the numbers of hot protons
shown in Table 6, and such a belt might cause an intense
radiation hazard to a passing vehicle.

3.1.4 Spacecraft Measurements

At present, the configuration and the magnitude
of the magnetic field are not well known. Of the many thechanisms
proposed for emission of decameter bursts, none is completely
satisfactory. The ambiguities about the fluxes, magnetic field
strength, and energy spectra of the relativistic electron belt
have not been solved, despite the extensive observations of
decimeter radiation. Energetic fluxes have only been postulated,
without any supporting experimental evidence except by analogy

to Earth.
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In order to increase our knowledge of Jupiter's mag-
netosphere by a spacecraft fly-by mission, we recommend a
"particles and fields'" experimental package similar to that
carried on the IMP satellites. Table 7 lists the relevant -
experiments. These crucial experiments would make four impor-
tant measurements of the environment: the magnetic field;
moderate-energy electrons as expected near L = 6; high-energy
electrons as expected in the innermost radiation belt, where
L = 2 to 3; and high-energy protons.

The amount of useful information depends on the prox-
imity of the spacecraft to Jupiter. Miss distances of 25 RJ,

5 Ry and 2.5 RJ are approximate maximum miss distances at which
a new "level of information' can be obtained because the
spacecraft then spends considerable time within 40 RJ, 6 RJ
and 3 Ry respectively.

A spacecraft that comes within 2.5 R; spends approxi-
mately 2 hours at distances < 3 Ry. Therefore, it can obtain
"complete" information concerning Jupiter's magnetosphere.

The magnetic field configuration and the size can be deter-
mined. Measurements of moderate-energy electrons near L = 6
might provide a key to understanding the decameter bursts.
This information can then be used to understand time-dependent
processes. Measurements of the flux of relativistic electrons
are of intrinsic interest, and, when coupled with the magnetic

field measurements, can check the synchrotron theory of
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Table 7

RECOMMENDED EXPER IMENTS

kev to 1 mev

. High energy Flux of electrons in
electron counter steps from .8 mev to
100 mev
. Proton counter Flux of protons

above 30 mev

L — L
Instrument Measured Quantity Range
. Magnetometers Magnetic field 5 x 1070-10 gauss*
9 13 2
. Moderate energy Flux of electrons 107-10""/cm“sec kev
electron counter in steps from 10

4

100-106/cm25ec mev

8

10 -lOll/cm2 sec

The upper limit of the range, 10 gauss, assumes that the
distance of closest approach will be 2.5 R,. Upper limits

for missions having larger miss distances

re not ag large,

e.g., upper limits are 1 gauss for 5 Ry and 5 x 107~ gauss

for 25 RJ.
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decimeter emission and remove the ambiguities. Possible
proton radiation belts might be found by direct measurements.

A spacecraft that goes as far in as 5 RJ can obtain
almost complete information. Again, the size and the configura-
tion of Jupiter's magnetic field can be measured, as can the
electrons near L = 6. Knowledge of the magnetic field of

Juniter can be uged to estimate the num de electrons

£
-
e ———— -~ a CLllo S

ple

ty o
in the inner radiation belt by employing the relations shown

in Table 3, though with less certitude than a mission within
L= 3.

Finally, some very useful information can be obtained
if the spacecraft barely penetrates Jupiter's magnetosphere.
Knowledge of the size of Jupiter's magnetosphere anywhere with-
in that magnetosphere can determine the size of the magnetic
moment to within a factor of two; this is based on observations
made by IMP I. On the basis of present knowledge, the boundary
between Jupiter's magnetosphere and the outside lies at about
50 R; out on the sunward side and even farther out in other
directions. Even with a miss distance of 25 RJ, the spacecraft
is almost certain to be inside Jupiter's magnetosphere for
several hours. A miss distance of less than 25 R, is rela-
tively easy. The target presented by Jupiter's magnetosphere
to an observer on Earth is a circle of radius 25 RJ, or of
diameter (1/2)° of arc. This implies a target cross section
whose angular dimensions are the same as the moon - a large

target indeed, by comparison to other planetary targets.
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To summarize, it is clear that our understanding of
the radiation belts and magnetic field of Jupiter can be in-
creased enormously from a mission to Jupiter that misses by as

large a distance as 25 Jupiter radii, and, of course;fthe

amount of information obtained increases with closer approaches.

3.2 Atmospheric Composition

Ls ) (] 1 -2 eaa
Dol L M'JUL UOT

Absorption bands attributed to the atmosphere
of the planet were detected in the spectrum of Jupiter in the
last century. They were unidentified for over fifty years,
however, until Wildt (1932) showed that methane (CH4) and
ammonia (NH3) were the absorbing gases. Abundances of 150 and
7/ meter atm,* respectively, were subsequently derived by
Kuiper (1952).

These remained the only two positively identified con-
stituents for almost thirty years, but converging theoretical
and experimental evidence strongly supported the presence of
large amounts of hydrogen and/or helium. The theoretical evi-
dence came from speculations about the origin of the solar
system based on the observed abundances of the elements in the
Sun and stars. Hydrogen is the main constituent of the ob-
servable universe, and helium is next. Furthermore, Jupiter
has a low mean density (p = 1.33), which suggeéted a radically

different composition from that of the Earth (p = 5.52).

* One meter atmosphere is the thickness of a layer of gas when
reduced to standard temEerature and pressure. It is .
equivalent to 2.69 x 1021 molecules/cm2.
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The first experimental verification of this line of
reasoning resulted from an observation made by Baum and Code
(1953) of an occultation of a star by Jupiter. As a planet
moves in front of a star, the starlight passing through the

planet's upper atmosphere is spread out by refraction. As a

result, the light from the star begins to fade at a rate that
depends on the rate of increase of atmospheric density with
decreasing height above the surface of the planet. By observing
this fading of the starlight, it is possible to derive a value
for the scale height of the atmosphere at the mean level at

which the occultation takes place. The scale height is H = RT

mg’
where R is the universal gas constant, T the mean atmospheric
temperature, m the mean molecular weight, and g the acceleration
of gravity. Assuming a value of T = 86°K based on a model of
the atmosphere derived by Kuiper (1952), Baum and Code deter-
mined a value of m = 3.4 + 2.0. Such a low value of the
molecular weight obviously excluded an atmosphere predominantly
composed of methane (m = 16) or ammonia (m = 17) and strongly
suggested the presence of substantial quantities of the two
lightest, cosmically most abundant gases.

Measurements of the abundance of hydrogen in the Jovian
atmosphere are different. Because the hydrogen molecule is
homonuclear (to a first approximation, nuclei in the molecule
are identical), its interaction with sunlight is extremely
weak, leading to extremely faint absorption spectra. Direct

proof of the existence of hydrogen in the atmosphere was obtained
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by Kiess, Corliss, and Kiess (1960), who observed four lines
of a molecular band near »8150 Zc

The first attempt to derive a hydrogen abundance was
made by Zabriskie {(1962), who obtained a wvalue of 3.5 km atm
by using the spectra of Kiess et al. A subsequent determina-

tion by Spinrad and Trafton (1963), based on their own spectra,

TA~Ad + vraTles
dAdC U [ 59 QLA

~ A ~F 27 1.
v« v uc uvi = !

i atm. also reported the detection
of an even weaker hydrogen absorption line at 26367.80 K, al-
though their abundance determination, like Zabriskie's was
based on the A8150 A lines. Foltz and Rank (1963) showed that
the mere presence of the A6367.80 A line indicated that the
Jovian atmosphere must contain immense amounts of hydrogen,
perhaps an order of magnitude more than that reported by
Spinrad and Trafton. The lack of agreement in these values is
due to the difficulty in measuring the exceedingly narrow
lines. Also, saturation could exist and escape detection.
Using the data of Foltz and Rank plus the methane
abundance derived by Kuiper, and assuming that the C/H ratio
was the same in the atmospheres of Jupiter and the Sun, Owen
(1965) suggested an abundance of 190 km atm. Using a value
for the equivalent width of the 26367.80 & line reported
by Spinrad and Trafton (1963), Field (1963) concludes that

the amount of hydrogen in the atmosphere of Jupiter lies

between 30 and 80 km atm, with some preference for the
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lower values. His adopted value is based on the revision of
Foltz and Rank's work (1963) by Rank, Fink, Foltz, and Wiggins
(1964) and takes into account the possibility that the lines
are somewhat narrowed rather than broadened by pressure. Now
that a more accurate value for the absorption coefficient is
available, the precision of the abundance determination can be
improved by additional measurewments of the egquivalent widths
of the quadrupole lines. In any case, it is evident that with
respect to hydrogen, methane and ammonia are minor constituents.

The problem of a determination of the abundance of
helium is more difficult. The ground-state lines of this atom
lie far out in the ultraviolet, well below the wavelength at
which the Sun ceases to appear as a continuous radiator. Thus,
even when it is possible to observe the planet from above the
Earth's atmosphere (which cuts off radiation below 3000 &), it
is unlikely that helium will be detected in this way. There
are two other approaches that may prove useful, however.

One is an investigation of the pressure broadening of
methane and ammonia lines. 1If it is possible to interpret the
observed line profiles in terms of a mean atmospheric pressure,
enough helium can be added to the known amounts of methane,
ammonia, and hydrogen to produce the required pressure. This
approach must include a consideration of the possible presence
of relatively large amounts of neon, whose ground-state ab-

sorptions are also likely to be undetectable. The mean
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molecular weight provided by the scale height determination of

Baum and Code (1953) would serve as a check on the neon abundance.
The second method for detecting helium would also be

suitable for neon. This consists of a search for upper-state

transitions that would produce emission lines. These features

would be expected to occur in the upper atmosphere of the

ianei, in an h th
3
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They could be detected by a suitably instrumented spacecraft
passing behind Jupiter (as seen from the Earth) and permitting
observations of the unilluminated hemisphere (the '"might sky").

3.2.2 Trace Constituents and Atmospheric Photochemistry

The abundances of the atmospheric constituents

discussed in the preceding section have been deduced either

from direct observation or by simple analogy with observed
cosmic abundances. The question of the possible existence of
trace constituents (gases present in amounts comparable to or
smaller than the observed abundances of ammonia and methane)

requires a more sophisticated approach. There are two principal

arguments for postulating the presence of small quantities of
polyatomic gases other than those observed directly. One is purely
theoretical, based on likely photochemical reactions which

should occur in a Jovian-type atmosphere. The second is the
evidence presented by the colors observed in the visible cloud
layers. The implications of these arguments and their inter-

relation will be considered in this section. The photochemistry

11T RESEARCH INSTITUTE

51




of ammonia and methane is discussed in some detail since these
gases are the most important sources of more complex substances.
The photochemistry of any atmosphere containing more
than one constituent is a complex matter.
Cadle (1962) was the first person to attempt calcula-
tions on the kinetics of the photochemical reactions in Jupiter's

. v J— - o~k T Al e F - o~
atmospnere. He uses the abundances shown in Table 8.

Table 8

COMPOSITION ESTIMATES
(from Cadle 1962)

Hydrogen 6.8 x 10° meter atm
Helium 1.9 x 10°

Neon 6.3 x 10%

Methane 1.5 x 102

Argon 8.5 x 10

Ammonia 7.0

These figures all refer to the atmosphere above the cloud sur-
face only. The figures for ammonia and methane were obtained
from Kuiper (1952), and the remainder were obtained from
Kuiper's calculations on the composition of the initial gaseous
envelope. Opik (1962) gives different values, in particular,
97.2% of helium and 2.3% of hydrogen.

The possible presence of water is not excluded on
chemical grounds but is excluded on thermal grounds (above the
cloud layer). Water would be completely condensed out at the

prevailing low temperatures. Carbon dioxide would be completely
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reduced to water and methane. Opik (1962) states that free
nitrogen would not exist in such an atmosphere.

Cadle rightly refers to his calculations as a simplified
model. He ignores many reactions that are known to occur in
photolysis. It is difficult to understand why he omitted all
reactions involving the NH molecule, because it is known to be
created by the ultraviolet irradiation of NH; . Quite a few of
the other possible reactions have also not been treated. Cadle
includes only exothermic or very slightly endothermic reactions.
This is because appreciable thermal excitation is not to be
expected at the low prevailing temperatures. However, many
reactions which he omitted are in fact of this type.

Cadle considers three different levels in the atmosphere,
defined by the fraction of radiation absorbed down to the levels
concerned, (e.g., Lyman-a for methane). His results show zero
ammonia concentration at these levels. The lowest level was
that at which 50 percent of the radiation most strongly ab-
sorbed by ammonia remained. Cadle did not include all the NH,
regeneration cycles which can be proposed, in fact he only used
one:

NH, + H + M—»NH; + M (1)

2
He might also have considered the possibility

NH, + H — NH, (2)
NH,, + NH, < 2NHj (3)
NH3 + HZ + NH
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as these reactions should be exothermic.

Cadle's results gave zero ammonia concentrations at
all levels, which is in disagreement with the measured 7 x 105
m atm abundance. He suggested that this disagreeement with ob-

servation be due to inadequate allowance for H2 absorption.

The omission of some of the other reactions could also be a

The variety of colors observed in Jupiter's atmosphere
is associated with the chemistry of the atmosphere. These
colors, observed in the cloud belts, range over blue, green,
yellow, brown, and red in various shades. The great red spot
is the most familiar of these and has received special attention.
These colors change with time. They may have a stability of
weeks or months or less. The patches in which they occur do
not necessarily rotate at the planet's rotational velocity;
this indicates fluid motion of some sort. Peek (1958) points
out that the colors on Jupiter are distinct but the contrasts
are not as strong as the average description leads one to
believe. Peek refers to these colors as usually consisting of
yellow zones and grey belts.

Urey and Brewer (1957) suggest that fluorescence from
ions and radicals produces these colors. They point out that
such ions and radicals as NHZ’ N2+, CN, CH+, CH, and C2 can
all be formed by the absorption of radiation by NH5 and CH,
and that these molecules all radiate in the visible at various
wavelengths:
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Red  NH,, C,, CH,
Blue NH, H, , CN, CH, CH'
Urey (1959) also points out that many C-H-N compounds are

highly colored:

Diazomethane CH,N, yellow
Tetrazine C?_HZN4 red

Azomethane (CH3)2N2 yellow
Cuprene (C2H2)n yellow

If aromatic compounds (i.e., those containing a benzene ring)
are included, many more colored substances are possible.

Rice (1956), too, explains the colors on the basis of
formation of radicals. He observed solid NH in the laboratory
upon the thermal decomposition of hydrazoic acid (NBH)° The
NH was stable at liquid nitrogen temperatures, forming a blue
solid. On being warmed, it suddenly turned white at -125°,
becoming ammonium azide (NHANB)O In another experiment he
collected a yellow solid, presumably NHZNH, from the thermal
decomposition of hydrazine (N2H4). On warming, it turned white
at -178°, giving off nitrogen. On Jupiter the free radicals
would be formed in the high layers of the atmosphere and swept
down to the colder regions, where they would condense. But
the difficulty with Rice's hypothesis is that the temperatures
required are too low. Also, on the basis of Rice's hypothesis,
the outer planets (Saturn, Uranus, and Neptune) would show

more striking colors than Jupiter, since their atmospheres are
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much colder. In actual fact, the reverse is the case.
Papazian (1959) suggested that the color s induced in
certain condensates by charged particle bombardment (as ob-
served in the laboratory), might explain the Jupiter colors.
The planet's atmosphere could be penetrated by 100-mev particles,
which are fairly abundant.
3.2.2.1 Ammonia
Farkas and Harteck (1934) (mentioned
by Wildt 1937) measured the stationary concentration of
hydrogen atoms in decomposing pure ammonia and explained their
results by the following secondary reactions
NH; + H e NH, (4)

N, + Ny < 23 (5)
NH3 + H2 + NH

NH + NH —% N, + H, (6)
At room temperature Reaction ! proceeded to the right. The
experimental evidence suggested that at room temperature
Reaction proceeded three times faster than Reaction ©.

Earlier, Melville (1932) observed that in ammonia +

hydrogen mixtures, the quantum yield of the photolysis of ammonia

was drastically reduced by the addition of hydrogen. Farkas
and Harteck suggested that this was because NH, and NH, were
no longer present in approximately equimolal amounts, on account

of the increased association of ammonia with the added hydrogen

atoms; therefore, the NH4 could enter into reactions such as

NHA 4+ NH —> NH3 + NH2 7))
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Thus, Wildt (1937) suggested that the presence of
hydrogen in large quantities could prevent the irreversible
decomposition of ammonia. Wildt also mentioned that hydrazine
(N2H4) could be an intermediate, but this is less likely,
since hydrazine fluorescence (ammonia Schuster bands) has not
been detected.

Lyman-a radiation at 1216 A is an important contribu-~
tion to photochemical processes. At this wavelength the Sun
no longer radiates as a blackbody, but there is an intense
emission line due to solar atomic hydrogen. Similar emission
lines occur with less intensity at shorter wavelengths. Ab-
sorption in the wavelength region of 500 to 1100 A is adequate

for ionization. The following are examples.
NH; + hv—> NH,' + H+ e (/> 15.8 ev) (8)
NH; + hv— NH_+ H, + e~ (hv > 19.4 ev) (9)

3.2.2.2 Methane
The photochemistry of methane has been

studied by Mahan and Mandel (1962) by using the Krypton reson-
ance line at 1236 A. They obtained many compounds, of which
the principal ones were hydrogen, ethane, propane, and acety-
lene and the secondary ones were methyl acetylene, normal
butane, isobutane, ethylene, and propylene.

The basic reactions for the production of ethane (C2H6)
are:

CH, + hv—CH, + H, (10)
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CH, + CH; — C,H * (11)
C2H6* + M ——¥C2H6 + M (12)
(The asterisks refer to excited molecular states.)

Reactions between methylene (CHZ) and hydrocarbons are
very fast, and Mahan and Mandel found that, in spite of very
high light intensities, they could not cause the concentration
of methylene radicals to become high enough for their combina-
tion to be important. Also, changing the light intensity by a
factor of four did not change the acetylene-ethane ratio.
Therefore they attributed acetylene formation to the exci.. .rmic

(12 kcal/mole) reaction

CH2 + CH4 . CZHZ + 2H2 . (13)
The formation of acetylene is exceedingly important because
from it benzene can be obtained. Thus a whole range of aromatic
compounds that could contribute to the observed colors in the
Jupiter atmosphere would be available.
All the products of the photolysis of methane are

subject to further photolysis. For example, ethylene (CZH4)

can be produced as follows.
C,He + hv —C,H, + H, (14)

Absorption coefficients for several of the compounds

have been measured, and in the vacuum ultraviolet they absorb

very strongly (Auslloos et al.1964). According to Bonkue“ice

and Harteck (Wildt 1937), neither H nor CH3 react with surplus
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CH4. It was found that in a hydrogen atmosphere the formation
£
of ethane was almost completely suppressed and the regeneration

of methane proceeded via

Thus the abundance of methane over ethylene and other
hydrocarbons in the atmosphere of Jupiter can be explained.

Sagan and Miller (1960) conducted corona discharge
experiment in a 30:3:1 mixture of hydrogen, methane, and ammonia
and analyzed the products by infrared and mass spectrometry.
They positively identified C2H4, C2H6’ C,H,, HCN, and acetoni-
trile. They state that acetylene could polymerize explosively
under the conditions existing on the planet and produce com-
pounds of high molecular weight, many of them highly colored.

Shapiro (1953) found that the brightness of Jupiter
followed solar sunspot activity. This variation cannot be
accounted for by the Sun's varying intensity, and it suggests
some large-scale changes in the atmosphere.

Owen (1963) searched for spectral evidence of
the presence of additional compounds in the Jovian atmosphere
but found no traces. Table 9 summarizes his upper limits on
these gases compared with current values for the abundances

of the known atmospheric constituents.
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Table 9

COMPOSITION OF THE JOVIAN ATMOSPHERE
(Best Current Values)

H, 30-200 x 10° m atm
CH, 150
NH, 7
2
C,H, < 2
C,H, < 4
CH4NH, < 3
CH,D < 20
HCN < 2
SiH, < 20
HD < 500

He, N2, and Ar expected but no specific
tests for their presence have yet been
made.

3.2.3 Spacecraft Measurements

There are at least three significant advantages
in making measurements from a space probe rather than from the
Earth.

First, there is no interference from the Earth's
atmosphere.

Second, there is better angular resolution of radiation
from Jupiter.

Third, there is the capability of observing emission

spectra projected against the dark hemisphere of Jupiter. No
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planetary emission lines have yet been unequivocally detected,

since they are masked by the reflected sunlight. This is a

crucial point, because substances present only in trace

quantities can be detected from their emission in the ultra-

violet but are not detected when absorption in the infrared

only can be investigated, as in ground-based or satellite ob-

servations.

Exploitation of these three facets leads to the follow-

ing experimental measurements.

¢}

(2)

(3)

General spectral observation at wavelengths not
accessible on the Earth in order to look for
evidence of molecular species other than those
already detected. For example, CHq absorbs

at 2160 & and lower. High spatial resolution
may permit detection of local high concentra-
tions of rare species.

Emission spectra, especially microwave resonance
emission and fluorescence. For example, ultra-
violet absorption by ammonia leads to fluores-
cence from the NH formed in the photodecomposi-
tion. A problem here is the strong solar back-
ground, so that careful choice of wavelength is
required.

Particular spectral absorption and emission
studies. By studying the character of the
radiation emitted or absorbed by a particular
species it is possible to obtain useful in-
formation on the structure of the atmosphere:

(a) Line broadening and shift. This is caused
by pressure. The shift in microwave '
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(4)

resonance frequencies might be useful measure-
ments. The shift is proportional to the
magnetic or electric dipole moment of the
molecule. Hence by observing an appropriate
molecule, the pressure at its location in

the atmosphere could be determined.

(b) Distribution of intensity in the rotational
structure of molecular bands. This is in-
fluenced by temperature ordinarily. How-
ever, with photochemical reactions and
collisions of the second kind, it is possible
to populate molecules in particular states.
Then the subsequent redistribution among
the various possible states proceeds via
radiative and collisional transitions and

is, consequently, dependent on pressure.

These two examples show ways of obtaining informa-
tion about the structure of the atmosphere. The
radiation to be monitored must await further
research, but many molecules would be suitable.
For example, the microwave spectrum of ammonia

has been studied extensively, so this molecule
could probably be used for (a).

Airglow. This is useful for studying reaction
rates and is used extensively in the Earth's
atmosphere.

(a) The detection, from the dark side of
Jupiter, of radiation due to long-lived
species, metastables etc. It is prébable
that this would be one of the best ways
for detecting species present in small
quantities only, since sunlight would be
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absent. Helium and neon should also be
detectable in this way.

(b) The detection of radiation from the shadow
of one of Jupiter's satellites. This would
allow short period changes in species con-
centrations to be studied and provide in-
formation on chemical reaction rates.

(c) Viewing from the dark side of the planet
into the illuminated atmosphere. If the
upper atmosphere is clear, the radiation
received would be due to fluorescence and
Rayleigh scattering. Spectral analysis
would separate the two.

3.3 Atmospheric Temperature

3.3.1 Theoretical, Infrared, and Radio Wavelength

Temperatures

The solid surface of Jupiter, if it exists, is
not accessible to direct measurement from the Earth. Thus
measured temperatures refer to the atmosphere above, at, or
within the clouds. If there were no strong radiation belts,
it would be possible to observe Jupiter at low microwave
frequencies at which penetration of clouds and haze is optimum.
As in the case of Venus, one would then expect to be able to
detect thermal radiation from well below the visible cloud
layers. However, any decimeter radiation from Jupiter is over-
whelmed by the nonthermal comporent from the radiation belts.
Determinations of temperature are therefore confined to

radiometer measurements below 4 cm and to analysis of the fine
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structure of the molecular bands that occur in the photo-
graphically accessible region of the spectrum.

A useful reference standard for the evaluation of
temperature measurements is provided by the radiation equilibrium
temperature of the planet. This temperature is the value that
would be assumed by a perfect radiaﬁor having the dimensions
and reflectivity of Jupiter and located at the same distance
from the Sun. It can be evaluated by simply equating the
incoming and outgoing radiation:

WRJZ (1 - A)EJ = 4WRJ26 4

T (16)

The left-hand side of equation (16) is the amount of
absorbed radiation: the solar flux at Jupiter's distance from
the Sun, Egs absorbed by a planet with Jupiter's albedo, A, and
the intercepted area of illumination vRJza The right-hand side
is the amount of emitted radiation: o is the Stefan-Boltzmann
radiation constant, T the temperature of the emitting body,
and we assume rapid rotation so the planet emits over its
entire surface area, 4WRJ2.

We assume that the emissivity of the planet is unity,
which means that the temperature obtained from this calculation
will be a lower limit. To obtain the maximum temperature, the
factor 4 would be dropped to give the temperature of the sub=
solar point. Thus TmaX =J2 T. When the appropriate numbers
are put into Eq. (16), we find

T = 93°K
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Tmax = 131°K

The true equilibrium temperature of the visible
(illuminated) hemisphere will lie somewhere between these
extremes, depending on considerations of the detailed reflecting
properties (e.g., limb darkening) of the planet's surface.
Low (1964) suggests a value of T = 124°K. It is important to

realize that this value is independent of any atmospheric

effects or any possible internal heat source (e.g., radioactivity)

that the planet may contain. Since any combination of these
two effects would tend to raise the mean temperature, the
equilibrium value represents a minimum if these effects are
present.

A summary of modern temperature measurements is pre-
sented in Table 10. At first glance, this table appears to
present a bewildering array of temperatures. Some of the
scatter is due to the intrinsic difficulty in the measuring
process. However, some of the differences are undoubtedly a
true reflection of the wavelength dependence of the atmospheric
absorption coefficient,

Beginning with the shorter wavelengths, the tempera-
tures determined from the hydrogen quadrupole lines are un-
reliable for two reasons. One, the extreme narrowness of the
lines makes it difficult to determine the equivalent widths
precisely. Two, even if this were possible, the work of Foltz

and Rank (1963) suggests that these lines are strongly
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the shadows of Satellites II and III in transit across the

disk of the planet as compared to the general background. This
increase corresponds to a temperature of 190°K or 160°K,
depending on whether it is interpreted as coming from the umbra
only or from the penumbra as well. Subsequent observations by
Wildey (1965) failed to confirm this phenomenon and led him

to the conclusion that it was variable in time. Low (private
communication) was also unable to confirm the observation of
hot shadows, but found isolated spots on the disk of the planet
that were distinctly warmer than their surroundings.

A time variation has also been detected in the micro-
wave region of the spectrum. The dominant absorber is again
ammonia, which has a strong inversion transition at 1.28 cm.
This absorption will be pressure-broadened in the Jovian atmo-
sphere and has an intrinsically asymmetrical profile, rising
steeply on the shortwave side, reaching its maximum and then
tapering off gradually toward longer wavelengths {(Cleeton and
Williams 1934). Therefore observations of Jupiter's thermal
radiation would be expected to show increasing temperatures
with increasing wavelength separation from the absorption
maximum (deeper atmospheric penetration). The values‘;iven in
Table 10 appear to confirm this expectation in a qualitative
way and are distinctly higher as a group than measurements in
the 9 to 13u region.

Alsop and Giordmaine (1961) have suggested that the
difference between their measurements at 3.17 cm and those of
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saturated, in which case they cannot be used for a simple
temperature analysis. Thus the disagreement between the two
determinations is understandable and reflects uncertainty in
both the data and the method. It seems advisable to assign
these determinations relatively low weight.

The analysis of the methane band at 1.1y is based on
only one plate and thus is uncertain. Its most noteworthy
feature is the fact that even within its associated ervor range,
it represeﬁts a relatively high value. If this value (or range
of values) is accepted, it suggests a rather deep atmospheric
penetration. At this wavelength, such a condition is not un-

likely.

N0 MR W P tS WS WS SR MR

In the 9 to 13y region, the atmospheric opacity is
determined by‘a strong fundamental band of ammonia. As Kuiper
(1952) has pointed out, the presence of this band means that
temperatures measured in this region of the spectrum must
refer to a level well above that of the visible clouds. This
results from the fact that 1 cm atm of ammonia is opaque at
these wavelengths, while the weaker bands (observed photo-
graphically) suggest an abundance of roughly 7 m atm in the
Jovian atmosphere. In other words, at some wavelengths out=
side the 9 to 13u region the light reflected by the planet has
reached much lower levels of the atmosphere. ;

The thermal radiation received in the 9 to 13u region
is by no means constant over the disk. Murray, Wildey, and

Westphal (1963) observed a large increase in radiation inside

IIT RESEARCH INSTITUTE

M G am Ep R O Gb G WS mm

67




!
£ 4

G5 M My G S Wm @b SD MO M0 O NR A

’

Mayer et al. (1958a, b) at essentially the same wavelength may
be real and may represent an effect of a visually observed
disturbance in the cloud belt which occurred during the time
of observation. 1In fact, Alsop and Giordmaine report an
anomalously high value of temperature (268 + 14°K) measured
just after the observed disturbance occurred.

To summarize, it appears that there are significant
temporal, spatial, and wavelength-dependent variations in the
temperature of Jupiter's atmosphere. This should not Le sur=
prising, since we would observe the same general behavior if
we were to examine the Earth from a vantage point outside its
atmosphere. The temperature values in Table 10 are generally
higher than the computed radiation equilibrium values. This
has been interpreted as possible evidence for additional
thermal radiation from Jupiter which is then envisaged as still
cooling down from an early, high-temperature phase. However,
recent work on the infrared spectrum of ammonia (Walsh 1963)
suggests that this gas may have sufficient opacity in the
appropriate region of the spectrum to provide a rather suffi-
cient greenhouse effect. This means that visible radiation
penetrating the planet's atmosphere would produce the warming
corresponding to the radiation temperature. At this temperature
(124°K), a body emits most of its energy near 23u. Hence the
ammonia makes the atmosphere relatively opaque, preventing the
radiation from leaving and producing the required heating.

Until more data on the ammonia spectrum and a better idea of
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the possible influence of other absorbers are obtained, this

interpretation must remain tentative.

3.3.2 Spacecraft Measurements

There are again three main advantages in making

thermal measurements of Jupiter from a spacecraft.

The first

is the capability of observing at any wavelength desired, The

second is the high angular resclution made possible by a close

approach to the planet. The third is the capability of ob-

serving the unilluminated hemisphere.

The first advantage can, of course, be achieved by an

orbiting telescope in the vicinity of the Earth.

It is in

utilizing this capability with the advantages of points two

and three that a fly-by makes its great contribution. Such a

mission would be able to accomplish the following

objectives.

1. Search for variations in temperature at long

(i.e., cloud-penetrating) wavelengths on the

illuminated hemisphere. A correlation of such

observations with ground-based studies of

visible features in the cloud layer could con-

tribute significantly to our understanding of

the planet's circulation.

2. Obtain measurements of temperature at several

wavelengths on both dark and light hemispheres

to determine cooling rates and atmospheric

heat capacity.

3. Extend the range of ground-based observations

with high resolution to determine the wavelength-

dependence of the atmospheric opacity and
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possible variations over the disk due to
temperature effects. Such measurements should
help to determine whether a large atmospheric
greenhouse effect exists.

3.4 Physical Aspects of the Clouds

3.4.1 Results from Polarization Studies

In comparison with polarization studies made on
the terrestrial planets, Jupiter has received scant attention.
This must be due, in part at least, to the small phase angles
to which observations of Jupiter are confined ( {11.7°), com-
pared with the larger angles available for the terrestrial.
planets (up to 47° for Mars).

Variation of polarization with phase angle is char-
acteristic of many solid materials and aerosols of particular
particle size and refractive index. Such variations have been
used for elucidating the structure and the composition of the
surfaces of Mars and the moon. Photometric measurements affect
these determinations; in the spherical albedo the dependence
of the phase integral on phase angle and wavelength is a
function of surface composition and structure.

Polarization is defined with respect to the plane con-
taining the source (Sun), the object (Jupiter), and the ob-
server (Earth). I, and I, are the intensities of the observed
radiation components whose electric vectors are perpendicular

and parallel to this plane, respectively. With this notation
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the polarization, P, is:

I, -1
P = i
L+ 4
In an atmosphere that contains only molecules
sinZ V 1.4
P = ===— sec 8 () constant

where the sec @ term allows for the increased slant path
through the atmosphere, and V is the phase angle. Of particu-
lar importance is the (1/7\)4 law of wavelength dependence,
because this provides the best test for a Rayleigh atmosphere
(molecules only, or particles with diameter < 2). The polari-
zation from a Rayleigh atmosphere is always positive. Polari-
zation by aerosols can be positive or negative, depending on
the particle size and refractive index. Furthermore, the
variation with phase angle is quite characteristic (Dollfus
1961, van de Hulst 1957), but the wavelength dependence is less
marked.

In a practical situation it is probable that there will
be a mixture of particle sizes resulting in a polarization pro-
file whose V-dependence is much less strong than that for one
particular size. Consequently, the polarization profile is
more difficult to interpret. In the case of Jupiter, the
polarization of the light reflected by the clouds forms a
background, and perturbations in the polarization curve are

introduced by that part of the atmosphere above the cloud
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layers. However, this situation will be dependent on the
wavelength at which the observations are made, since the
atmosphere above the clouds will have a more pronounced effect
in the ultraviolet than in the infrared.

The polarimetric observations on Jupiter made before
1960 have been reviewed by Dollfus (1961), who is the major
contributor to this field. the earliest work being performed
by Lyot (1929). Lyot first measured the polarization of the
central region of the disk as a function of phase angle. He
found that the variation with phase angle changed slightly
from 1923 to 1926, the polarization curve sometimes starting
positive but turning negative at about V = 2° and falling to
P = -0.006 at V = 11.7°. The differences from one year to the
next could not be attributed to experimental error but may
have been due in part to the different planetary longitudes
involved. Variations across the disk were very slight until
the edge was reached, when the polarization increased sharply
(going positive).

Lyot also compared the polarizations of the bright
equatorial zone and the dark belts adjacent to it. He found
that they were usually very similar, although there were
exceptions. The pole caps proved to have a completely differ-
ent polarization. Lyot observed that the polarization of the
grey areas was independent of phase angle. The direction of

polarization was not the same at every point. Along the

central meridian it was perpendicular to the meridian, and
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away from this it became parallel to the nearest edge. Some-
times the characteristics of the polar cap extended nearer to
the equator, with an ill-defined limit.

Recently Dollfus (1961) confirmed and extended Lyot's
results. In particular, he measured the polarization of the
bright zones flanking the equatorial plane in various wave-
lengths. The shapes of the polarization curves, plotted as
functions of position across the disk, were very similar. They
were fairly flat near the center and rose toward the edges,
but not nearly so steeply as at the poles for a traverse along
a meridian. The general shape showed some changes with phase
angle. However, the individual bands did not show consistent
differences, and the measurements established at the polariza-
tion depends but little on the darkness of the region or the
spectral interval. The dependence was almost entirely on the
position on the disk and on the phase angle. Dollfus confirmed
the anomalous polarization in the polar regions.

The increase in the polarization at the limbs suggests
a strongly scattering, transparent atmosphere. However, Lyot
rejected this view because it requires that the light coming
from the rims of the planet be polarized along a plane parallel
to these rims, which condition is not found in the equatorial
regions. He suggested that some other effect must be the
cause, e.g., a decrease in cloud transparency when viewed
obliquely. At the poles, however, a strongly scattering atmo-

sphere, and no clouds,would be consistent.
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Dollfus (1955, 1957) arrived at similar conclusions.
His observations showed a comparatively small wavelength de-
pendence, which did not fit a model atmosphere in which a
dense cloud layer was covered by a pure gas. He found that
his data could be interpreted as indicating that the atmosphere
above the cloud layer contained thin veils, or mists. Calcu-
lations showed that consistency was obtained when these mists
were composed of droplets of about 1lu diameter with a refractive
index of 1.33. These veils should be weaker over the dark
regions and disappear over the poles. Dollfus (1961) also

reported that there was no appreciable wavelength dependence

- in the polarization of light from the poles and states that

Ohman (1947) found the same.

Dollfus (1961) reported an interesting observation in
1924 (presumably made by Lyot) in which a grey cloud covered
part of the north pole cap. The cloud showed negative polar-
ization, similar to the center of the disk. The extent of the
typical pole cap polarizatioh was then limited to the regions
not covered by the cloud.

In contradiction to Dollfus' results, Gehrels and
Teska (1963) published data showing a distinct wavelength
dependence of the polarization at Jupiter's poles and east
limb.

3.4.2 Spacecraft Measurements

The discrepancies among the measurements made

by different observers will probably be resolved fairly soon.
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However, measurements from the Earth are limited to low phase
angles ( {11°), so that the interpretation of data is very
difficult. Measurements of polarization from a fly-by probe
can be expected to yield the major part of the polarization
curve (the full curve would be 0° to 180°) and thus greatly
facilitate interpretations. If the data are obtained with
good resolution and in conjunction with photometric data, then
an appreciable improvement in the knowledge of the atmosphere
of Jupiter would result.

Drawing an analogy with Mars, which has been studied
extensively by polarimetry,with good results, the best results
would be achieved by taking measurements at the center of the
disk and at the limb simultaneously. These would be made at
a large number of wavelengths and over the available range of
phase angles. The results would be expected to yield:

1. The nature of Jupiter's clouds, drop sizes, and
constitution (ammonia crystals, liquid, methane,
etc.)

2. The presence of veils, or mists, in the atmo-
sphere above the clouds

3. The meaning of the zones and the belts and possible
differences in their atmospheric compositions

4., The nature of the atmosphere over the poles

5. Data on the underlying structure, i.e., the
deep atmosphere or the surface. Such data
would be obtained if the polar regions have
a fairly clear atmosphere free from aerosols.
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Current knowledge of the polarimetric techniques is cap-
able of this type of study but there is a lack of extensive lab-
oratory experiments and theoretical studies needed to support
such programs. During the next ten years, however, much of the
necessary supporting work will surely be carried out.

Radar measurements might also yield information on the
physical state of Jupiter's cloud layer, but weight and power
requirements are more scvere than for optical polarization
measurements.

3.5 Tonosphere

An ionosphere on Jupiter has not been detected experi-
mentally. However, in view of the known facts about the Earth's
ionosphere, it would be difficult to explain the absence of a
similar region on any planet having an atmosphere. It is known
that the flux of X-rays and hard ultraviolet radiation from the
Sun is absorbed in the Earth's atmosphere, with the consequent
formation of the terrestrial ionospheric regions. Consistent
with this theory, diurnal variations are observed and there is
good correlation between increased solar activity (flares, sun-
spots, etc.) and onset of increased electron densities in the
ionsphere.

The Earth's atmosphere is primarily composed of
nitrogen and oxygen, and the ionospheric regions are formed
through ionization of 0 and NO. Jupiter's atmosphere is
primarily composed of hydrogen and helium, with smaller
quantities of methane and ammonia. Laboratory data have
shown that these molecules are also ionized by X- and ultra-
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violet radiation; consequently it is improbable that there is
no ionosphere of any kind on Jupiter.

3.5.1 Evidence from Decameter Radiation

Early observers of decameter radio emission
believed that this phenomenon implied an ionosphere surrounding
Jupiter. They believed that the source of the emission was
either in or below the ionosphere and that the projection of
the ionosphere strongly influenced the emitted radiation. As
has been discussed in Section 3.1, some current opinion places
the source of radiation emission well outside any ionospheric
altitude, which would imply that the ionosphere is unconnected
with this radiation. However, because of the historical
development of the subject and because the results are quoted
in other reviews, a brief review is given here of the deduc-
tions made from the decameter radiation observations.

Gardner and Shain (1958) suggested that the restricted
frequency spectrum and its constancy over long periods of time

(months) indicated a complete layer of ionization surrounding

" the planet. The spectral distribution and the observed cir-

cular polarization would indicate a plasma frequency of about
20 Mc. These authors suggested that the radiation might be
due to plasma oscillations but offered no suggestions as to
the cause. On this basis they estimated a collision frequency
of ~v 2 sec'l, as compared with 10™* to 1072 sec™! for the

terrestrial F-layer. Hence the pressure would be lower in

Jupiter's ionosphere than in Earth's.

HT RESEARCH INSTITUTE

78




!

»

Gallet (1961) discussed the very small widths of the
radiation bursts, remarking that they seem larger for 20 Mc
than for 18 Mc. He pointed out that these effects can be
readily interpreted on the hypothesis of a Jovian ionosphere,
if the source of the radio emission is in or below the ionized
region. His arguments concern the emission cone through the
rhere, from a fixed source beneath it, and the effect of
viewing this cone from Earth as Jupiter rotates on its axis.
This postulate is in doubt.

Zhelezniakov (1958) considered the question from much
the same point of view and also concluded that a plasma fre-
quency of 20 Mc is implied. This plasma frequency implies a

maximum electron density, n, of 5 x 106/cm-3. This can be

compared with the peak of Earth's F-layer, 106/cm'3. From the
short duration of some of the bursts, the collision frequency,
1 , has been estimated to be 102 to 103 sec”l. Assuming that

collisions are predominantly between charged particles, the

effective collision frequency is:

= 5.5 -2 1n (220 -~
4 Frz 1n (220 ry)

This gives a temperature, T, in the range 2000 to 20,000°K for
an electron density of 5 x 106 em™3.

Using the theory forAa Chapman layer with recombination
at a temperature of 104°K, Zhelezniakov (1958) obtained a

scale height of 1500 km for hydrogen molecules, a combination
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rate of~4 cm'3 sec'l, and a recombination rate of ~4 x 10

em™3 sec”l. In this calculation it was assumed that each

-14

photon absorbed created an ion pair. As a comparison, the
recombination rate for the terrestrial F-region is ~10710 cp3
sec-l, and the rate of electron production at the peak is

~ 200 cm™3 sec! and is~400 cm™3 sec™l at the peak of the E=-
region.

Rishbeth (1959) made similar calculations on the
nature of a Jovian ionosphere, based on a plasma frequency of
20 Mc. He, too, used the Chapman theory but used a different
temperature to estimate the scale height. Two temperature-
composition models were selected. One considered a pure hydro-
gen atmosphere at 300°K, the other an atmosphere consisting of
63.5 percent hydrogen and 35 percent helium at 90°K. His
results and those of Zhelezniakov are included in Table 11.

The differences in the three models is small.

The deductions from theories assuming the observed
decameter radiation originates below the ionosphere are on a
somewhat shaky foundation, especially in view of the new
results indicating the role of Io, which lies far above the
ionosphere. As we shall see, however, direct theoretical
treatments yield numbers in fair agreement with those given

by the decameter studies, though peak electron densities are

somewhat lower.

3.5.3 Theoretical Models

Zabriskie (unpublished) appears to have been the first
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person to conduct a theoretical kinetic study of Jupiter's |
ionosphere. He included the effect of diffusion of hydrogen

atoms but assumed an atmosphere of pure hydrogen and neclected

the presence of helium. He found that the presence of negative

ions had an appreciable effect on the electron density.

Shimizu (1964) and Gross and Rasool (1964), however, omitted

these particles.

Shimizu considered two atmospheric compositions: one
of pure hydrogen, the other of 607 hydrogen and 40% helium.
Shimizu points out that the dissociation cross section of
hydrogen molecules by radiation in the Schumann-Runge region
(1850 & down to 1350 R) is very small and may be leéé than
10-21

cmz. Consequently, he used the following process for

the dissociation of hydrogen:

I
jar

Hy + hv ( <804 A)

+ _ut
H2 + HZ = H3 + H

H3+ +e =3H
He used a similar process invoking Het. The production of
electrons thus follows from the ionization of H, H,, and He,
and the removal by electron-ion recombination.
An essential prerequisite to making the computation on
the ionosphere is the model atmosphere assumed. Apart from
composition, which has already been given, Shimizu assumed a

2.8 atm pressure at the cloud top, a scale height of 8 km,

and an isothermal atmosphere at 130°K. He further assumed
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that diffusion was negligible and was then able to compute the
absorption of solar radiation at various levels in the atmo-
sphere. With these assumptions he solved the system of simul-

taneous differential equations (for HZ’ H, H2+, Ht

s H3+, e
and also HeH+, He+, He for one model) and published profiles
for H,, H, and e concentrations. He did not discuss the solu-
tion of these equationg, availability of rate constant data,
etc. The results he obtained showed hardly any difference
between the two model atmospheres. The electron density showed

a peak of ~n 107 cm™3

at 165 and 170 km for the H,/He and H,
models, respectively, these being approximately the same alti-
tude as the peaks in atomic hydrogen concentration. The number
densities of atomic and molecular hydrogen were also about
equal at this altitude.

Gross and Rasool (1964) used the same mechanism for
the dissociation of hydrogen. They took two atmospheric com-
positions, HZ:He ratio (by volume) of 20:1 (from a review by
Urey, 1959, and a ratio of 0.03:1 (Opik 1962). Their study
shows mesopauses as 104 and 187 km for Model II (HZ:He = 0.03)
and Model I (HZ:He = 20), respectively. For the exosphere
they obtained temperatures of 135°K and 140°K for Models II
and I, respectively.

In their calculation on an ionosphere, Gross and
Rasool first estimated the distribution of atomic hydrogen,
taking diffusion into account. For this they followed a method

of solving the diffusion equation given by Zabriskie in 1960.
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Their computations showed a maximum density of atomic hydrogen

of 5 x 109 cm"3

, at an altitude of 10 to 20 km above the meso-
pause. The amount of atomic hydrogen was around 10"4 of the
molecular hydrogen content, even at the peak (cf. Shimizu's
approximate equality). Despite the large difference in the
assumed compositions of the two models, the atomic hydrogen
content wés about the same. At sufficiently high altitudes
atomic hydrogen predominated.

For their ionization equations Gross and Rasool
clearly state their sources and the assumptions they make,
which appear to be reasonable. Their resulting electron
density profiles show electron density peaks at 120 km (Model
II) and 230 km (Model I), with a second maximum on each curve
on the high-altitude side. These maxima also appear in the
curves for the rate of production of H'. The peaks in the
electron density profiles occur very close to the peak in the
rate of ionization of H. The secondary maxima occur at the
peaks in the rate of ionization of H2. The peak electron

6 electrons for Models I and II,

densities were ~v 5 x 105 and 10
respectively.

The results of the theories of Shimizu and of Gross
and Rasool are also given in Table 11.

Zabriskie considered the various photo
and kinetic reactions for hydrogen in considerable detail

prior to making his computations for the ionosphere. He con-

sidered three atmospheric models: one consisting entirely of

HT RESEARCH INSTITUTE

84



molecular hydrogen, one consisting entirely of atomic hydrogen,

and one consisting of both atomic and molecular hydrogen.
Applying the Chapman theory to the first model gave a

peak electron density of 0.63 x 10° cm™3 and a gas density of

3 x 1010 ecm™3. The second model gave a similar result; the

H ion was present in only very small quantities, because of
efficient photo detachment, but was important through the

reaction

+ - ' "
H2 + H —+H2 + H
(the two neutral particles being excited in some way) which has
a large rate constant. In the third model, Zabriskie computed
the distribution of hydrogen atoms through the atmosphere by
including diffusion processes. This gave much the same peak
electron density as in the first model.

Zabriskie concluded that the major means of recombina-

tion was with H2+ and that the peak electron density could be

=3 if the assumed rate for this

appreciably more than 105 cm
reaction were seriously in error. Both Gross and Rasool and
Shimizu neglect this reaction altogether. Zabriskie also

neglected helium in his computations, but thought this would
have little effect unless it proved to be very abundant. He

considered that methane might give rise to an electron density

of around 104 cm°3 lower down in the atmosphere.
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3.5.2 Assessment

From the point of view of making calculations to

predict the structure of an ionosphere on Jupiter, it is fortu-

nate that the neutral gases are hydrogen and helium.

Rate con-
stants for these molecules have been subjected to more theoretical

scrutiny than any other molecules; experimental studies have

also been extensive. Consequently many theore

rate constants are available when experimental values are not.

Therefore, Gross and Rasool and Shimizu were able to
include a large number of reactions in their treatments and

their computations can be regarded with confidence. The
figures they used for the solar flux were from rocket measure=-

ments published in 1961 and are probably quite accurate.

Two
likely sources of possibly large errors are (1) the simplified

atmospheric models selected and (2) the neglect of effects of

ambipolar diffusion of ions and electrons.

The results summarized in Table 11 demonstrate the

agreement between the electron density values deduced from ob-

servations on decameter radiation and the values obtained
through computation.

However, it is important to note that
these semiempirical deductions were made five to ten years

ago, which is a long time in this rapidly advancing field.
More recent theories (see Section 3.1.2) place the source of

decameter radiation at distances that would be outside the
ionosphere. If these are correct, the agreement shown in

Table 11 between calculations and semiempirical deductions can
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only be regarded as an interesting coincidence. It should

also be stressed that Jupiter is known to have a large magnetic
field. Consequently it is incorrect to neglect it when com-
puting the electron density from a cutoff frequency, as was
done in the papers cited.

Table 11 shows that the rate of production of electrons
at the height of the peak electron density is probably a factor
of 100 less than that for the terrestrial F2 region. The
récombinatidﬁ coefficient is also much smaller, however, which
accounts for the electron densities being comparable. Conse-
quently, the decay rate must be less than that for the F2
region. This means that the diurnal variation is less on
Jupiter, which effect will be accentuated somewhat by the
shorter rotation period.

For Jupiter, the diurnal variation at the peak electron
concentration can be expected to be small, perhaps negligible.
For lower regions in Jupiter's ionosphere, this argument no
longer applies. However, these regions are relatively much
less accessible to observations from outside the planet's atmo-
sphere than is the ionosphere above the peak referred to in
Table 11.

Jupiter's atmosphere is known to contain appreciable
quantities of ammonia and methane. These gases would, of
course, form ionospheric layers also, if radiation of sufficiently
high frequency were incident on them. Ammonia and methane will

occur lower down in the atmosphere than hydrogen and helium.
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Consequently the primary ionization will be as already des-
cribed. There remains the possibility that some more ionized
regions will occur further down in the atmosphere as a result
of these gases. However, it is probable that they will be
much weaker than the hydrogen and helium layers, because most
of the solar ultraviolet radiation will have been absorbed.

3.5.4 Spacecraft Measurements

It would be desirable to determine ionospheric
scale heights, densities of electrons and various neutral
molecules, and dissociation and recombination rates. Unfortu-
nately, not all these quantities can be measured directly by
simple spacecraft passing far above the ionosphere.

An ionosonde experiment would provide a great amount
of ionospheric data. Radio waves of various frequencies are
beamed downward toward the planet. The time delay and the
attenuation of the return signal are observed. Analysis is very
much complicated by the presence of the Jovian magnetic field.
However, experience with terrestrial topside ionosondes suggests
that, with careful data reduction, we can obtain: (1) the
electron density as a function of true height and (2) the
electron collision frequency, also as a function of height.

Using these directly measured parameters, it may be
possible to determine, from theory, the other ionospheric
properties of importance, i.e., temperature, density of various
molecular constituents, and dissociation and recombination rates.

The appropriate range of electron densities expected
(see Table 11) is 105 to 107/cm3. This implies an ionosonde
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frequency range of 3 to 30 Mc.

In order to obtain good return signals with modest
transmitter power, a relatively close approach to Jupiter,
{3 R;, should be attempted.

A simpler experiment can determine ionospheric scale
heights by the occultation of a radio frequency signal by Jupiter's
ionosphere, as was done for Mare's ionosphere by Mariner 1IV.
Because of a competing noise signal from Jupiter's decimeter
radiation belt, low frequencies (r~ 30-50 Mc) are probably required.
A 40 Ry closest approach on a low-inclination flyby (to insure
occultation) is adequate for satisfactory results, though closer
approaches would increase precision.

3.6 The Interior of Jupiter

As a consequence of an obscuring cloud layer on Jupiter
it is not possible to observe its solid surface, if one exists.
Hence, theoretical models for describing the structure of the
planet are proposed and then tested against the known mass, radius,
and oblateness. 1In addition, observations of satellite motions
can, in principle, yield the external satellite gravitational
potential of the planet, although untangling satellite perturba-
tions due to planetary gravitational potential within Jupiter
from those due to mutual gravitational forces is very difficult.

The object of constructing a model that fits the ob-
servational data is to learn the following: composition,
distribution of the various materials, pressure-density distri-
bution, physical structure, and temperature distribution.

The first can be determined the best, the last cannot
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4

yet be determined and the remainder are uncertain.

There are two major difficulties. First, the equations
of state for possible materials are not known for pressures above
20,000 km, but the pressures of interest extend up to 107 atm or
more. (Some isolated measurements may be possible up to 250,000
atm at the present time.) Second, the amount and the distribution
of heavy materials is difficult to decide. Although these are
present in small quantities, they can appreciably influence the
gravitational moments.

According to De Marcus, if the equations of state for
hydrogen and helium, the major constituents, were known exactly
and if the exact pressure, density, and temperature of every
level surface within the planet were known, the chemical composi-
tion of the planet still could not be deduced. It is possible to
estimate the lower limit of the hydrogen content. It is apparent
from the work reviewed here that assistance from theories of
planetary evolution and measurements on the solar abundances of
materials is still required to specify Jupiter's overall chemical
composition.

Effective studies of this problem began in the 19th
century with Airy and Darwin and were continued in this century
by de Sitter, Jeffreys, Wildt, Ramsey, and others. The theor-
etical methods formulated by Darwin and de Sitter have been
the basis for all subsequent computations. In 1958 De Marcus
recast thie theory into a form that reduced the number of
assumptions involved. On account of De Marcus' improvement in
the computational method, new knowledge concerning the solar
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abundances of the elements, and improved knowledge of the
equation of state of hydrogen, this review has been confined
to studying the work of De Marcus (1958) and Peebles (1964)

and the reviews by De Marcus (1959) and Wildt (1961). 1In
addition, brief mention is made of Ramsey's work (1951), which,
though very important in the development of the subject, has
been superceded by the later papers cited.

3.6.1 Method of Investigation

The procedure used to calculate the interior is
to vary the density distribution, as suggested by physical
considerations, until the geometrical ellipticity (measured
by telescopic observations) matches the hypothetical ellipticity
(perturbations in satellite motions imply a definite dynamic
ellipticity of the surface for any postulated density distribu-
tion). The density distribution that satisfies the available
tests gives a pressure-density relation for the materials of
which the planet is composed. A study of the equations of
state of likely materials, with abundance estimates (e.g.,
from solar abundances and mean planetary density) can then
give a reconstruction of the deduced overall equation of state
for the planetary material and determine the composition. The
solution is not necessarily unique, however, and certainly
depends on the extent to which the equations of state of likely
materials are known.

In practice there is no distinct separation between
these phases of the computations, as the constructed models

are based on the probable compositions and equations of state
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of the materials, i.e., the method is iterative by nature.

The earlier calculations, relying on the theory of
de Sitter, were oriented toward determining the figure of a
planet whose density distribution was known along some radius
vector. De Marcus' great improvement was to depart from this
requirement and provide a theory capable of finding the figure
of the planet when only the équation of state of the material
was known. The theory assumes hydrostatic equilibrium, i.e.,
the equipotential surfaces are also surfaces of constant
density.

The external potential of the planet can be written as
a series expansion in Legendre polynomials, with J and K
denoting first and second moments. J and K, in turn, can be
expressed in terms of two parameters € and k, which express
the ellipticity and the departure froﬁ the true ellipsoid
shape, respectively. Measured and calculated € and k are
compared to test particular models.

Some assistance is also gained from several integral
theorems propounded by Jeffreys, Chandrasekhar, and others.
These give such quantities as mean pressure and an upper bound
for the core pressure. Jupiter's core pressure must exceed
11.4 x 106 atm. Another th=orem gives a bound to the surface
density, Py> as follows:

Jeffreys p; € 0.86 gm cm™

De Marcus (from J) p; < 0.77 gm cm°3
De Marcus (from K) pp £ 0.57 gm cm™d
(De Marcus used empirical values for J and K.)
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3.6.2 Equations of State

As pointed out in Section 3.2, there is now no
doubt that Jupiter is composed largely of hydrogen and that
most of the remaining matter is helium. Consequently, it is
for these two elements only that equations of state are required.
Assuming that the density, p, is the density of a mixture of

hydrogen and helium, then

wHy)  Hge)

1
-— = +
p p Hy p He

where L»(Hz) and wW(He) are the mass abundances of hydrogen and
helium, respectively. Peebles points out that if the material
in Jupiter has roughly the same relative composition as in the
Sun, then cu(Hz)AJ(2=3) x w(He). Since pHe.~/(2=4) X pHé’
helium contributes only 10 to 20 percent of the total density.
Consequently, an accurate knowledge of the equation of state
for hydrogen is much more important than that for helium.

A thorough review of the equations of state for hydrogen
and helium has been given by De Marcus (1958). The available
experimental data are meager, especially at the high pressure
involved. Therefore several attempts have been made to deduce
the equation of state theoretically. Stewart (1956) has made
measurements on solid hydrogen and helium at 4.2°K up to
pressures of 20,000 atm. Since pressures up to 107 atm can be
expected in the interior of Jupiter, the measurements do not

cover all of the expected range of pressures.
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There is considerable uncertainty about how matter
behaves at very high pressures. The many different phases of
ice observ ed by Bridgman is an example. In the present case
extrapolation must be made to enormously greater pressures
than have been achieved in the laboratory; explosive shock
waves can generate pressures up to about 280,000 atm (Wildt 1961).
It has been suggested by Wigner and Huntington (1935) that
hydrogen may exist in a metallic form at very high pressures.

3.6.3 Jupiter Models

De Marcus began his calculations with a "zero
temperature approximation'" assuming pure hydrogen at 0°K. He
found that the total mass contained within a sphere of radius
r, M(r) did not approach zero as r approached zero, but was
approximately 1/20 the mass of Jupiter. He therefore lumped
this residue at the center in a "§-function core". This model
failed to give the correct moment of inertia. He then con-
structed a model comprising a mixture of hydrogen and helium in
which the mass fraction of helium was chosen to be a monotomi-
cally decreasing function of radius. Again a &-function was
necessary to arrive at the correct mass. This model agreed fairly
well with the observable external parameters shown in Table 12.
These parameters were obtained from Brouwer and Clemence (1961).

De Marcus attempted to estimate the temperature in the
interior of Jupiter but obtained a temperature of ~104°K at

the base of the mantle (molecular region), and this was
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Table 12

COMPARISON WITH ASTRONOMICAL DATA

Ellipticity, €;

Departure from
ellipsoidal shape, kl

First multipole
moment J

Second multipole
moment K

Observed
0.0652
0.00052

0.02206 + 0.00022 0.02130

0.00250 + 0.0014

De Marcus Peebles
0.0645
0.00049
0.025
0.00253 0.0027
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inconsistent with the assumption of a solid mantle. He
believes the internal temperature to be of the order of a few
thousand degrees.

Ramsey and Miles also made careful calculations on the
structure of the major planets. Ramsey (1951) considered a
model with uniform hydrogen and helium concentrations (13
hydrogen atoms to 1 of helium), and later Ramsey and Miles
(1952) included a &- function core. Ramsey considered
in considerable detail the overall composition and the distri-
bution of component species in the major planets. He also
discussed the equation of state for hydrogen, although not in
the detail given by De Marcus. In his calculation he used the
equation of state given by Kronig, de Boer, and Korriga, but
added the zero-point energies. Ramsey assumes the planet to
be solid throughout, consisting of molecular and metallic
phases. He considers that the pressure of an atmosphere is of
little importance so far as the bulk properties of the planet
are concerned, even if a major part of the planet were gaseous,
the equation of state of a gas at these pressures approximates
that of a solid. He also treats the planet as being a uniform
mixture of about 80 percent hydrogen and 20 percent helium.

Ramsey's work is obviously of great importance, but as
far as the internal structure of Jupiter is concerned, De Marcus'
work is more detailed, particularly concerning the upper

region of the planet.
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The general model assumed by Peebles was a high density,
but not S-function core surrounded by a uniform mixture of
hydrogen and helium. For a given helium abundance he calculated
the mass of the core necessary to yield the correct total mass
and the two multipole moments, J and K. The radius of the core
was chosen so that the pressure at the surface of the core was
8 x 107 atm (the limit of De Marcus' tabulations on the equation
of state for helium). In order to investigate the dependence of
hydrogen abundance on the helium distribution, a second set of
models was studied in which the high-density core was replaced
by a pure helium core, whose size was dictated by the need to
keep the mass of the planet fixed.

Peebles used seven models:

1. Cold planet, T = 0°K

. Isothermal atmosphere, T = 150°K
Adiabatic atmosphere, T = 150°K at 5 atm

2
3
4. Adiabatic atmosphere, T = 150°K at 1 atm
5

. Adiabatic atmosphere, T = 150°K at 1 atm,
using the lower density extrapolation of
Stewart's results

6. Cold planet, using the lower density extra-
polation of Stewart's results

7. Adiabatic atmosphere, T = 150°K at 3 atm.
The calculations were performed for various number ratios of
hydrogen to helium in the mixture outside the core, and the

results were compared with the astronomical data.
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The assumptions about the atmospheric conditions were
based on a temperature in the region of 150°K at the top of
the cloud layer, with a pressure in the range of 1 to 5 atm.
It was possible to obtain the observed value of J with models
1 to 14 and 7 by selecting an appropriate helium abundance.

It would also be possible for the least dense atmosphere (model

W
N
e

£ the helium were assumed to be concentrated toward the
outer layers of the planet. The quoted errors in the observed
value of-K were such that all models would fit; hence this was
no use as a test. For models that fit, it was found that the
hydrogen abundance ranged from 0.85 for a completely cold
planet of uniform composition to 0.70 for a deep adiabatic
atmosphere with all the helium and heavy elements concentrated
at the center.

Peebles found that the observed moment, J, for Jupiter
could be obtained by assuming either a very deep or a very
shallow atmosphere. But for a shallow atmosphere the hydrogen
abundance in the upper layers would have to be very large,
with a mass fraction ~s0.9, unless the density of hydrogen
were 25 percent less than he assumed in his calculations.

This would be hard to explain, since it exceeds the estimated
abundances in the Sun, obtained by various means. From con-
sideration of -the origin of the planets (Kuiper 1952), it
appears that‘the protoplanets may have had cores of heavy

elements (Si, Fe, O, etc.) amounting to as much as 0.3 percent

of the total mass.
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Peebles estimates that the gravitational separation
of volatile elements, assuming a temperature around 104°K,
would have a characteristic time of 1013 years. In addition,
after Jupiter achieved its present state, the time for a
helium atom to diffuse the distance of a planetary radius
would greatly exceed the age of the solar system. Peebles
concludes that the hydrogen in the surface layers of Jupiter
should not exceed the solar abundance and, consequently, the
planet has a deep adiabatic atmosphere. Hence, Peebles
selects model 7, which gives the conditions, within errors,
of the top of the cloud layers and which is also consistent
with a model for Saturn.

The pressure density relation for this model is given
in Figure 9 for comparison with other models. 1In this model.
the mass fractions were obtained by assuming that thé volatile
part of the heavy elements was 2 percent by mass originally.

Hence the mass fractions in the region above the core are:

Hydrogen 0.80
Helium 0.18
Heavy elements 0.02

In his calculations, the heavy elements were treated like
helium; the error introduced was negligible. The core for
this model amounted to 2 percent of the total mass.

In conclusion, there is general agreement that Jupiter
must be composed mainly of hydrogen, with some helium and a

smaller amount of heavy elements. The hydrogen abundance is
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FIGURE 9
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generally believed to be 75 to 80 percent by mass. The heavy

elements aré possibly about 2 percent, but this figure is un-

certain. The remainder is helium. Ramsey and Peebles believe
the planet consists of a homogeneous mixture of hydrogen and
helium outside the core,iwhereas De Marcus believes there is

an increase in the concentration of helium at smaller radii.

jde

Ramseyv and Peebles support the

r model by consi
times required for gravitational separation in ﬁhe planet and
the pressure occurring in the protoplanet.

The presence of a dense core of heavy elements was
necessary in many models to give the correct mass for the
planet. 1In Peebles' model, however, a slight increase in the
density of hydrogen would remove the necessity for such a
core, and the model of De Marcus behaved the same way. Since
the structure at the center of the planet cannot influence the
gravitational moments at the surface, there appears to be no
way of testing theories about this region. Instead, one must

rely on theories of the origin of the solar system and planets

to provide the answer.

Figure 9 shows the three models. The phase transitions
were not identified explicitly by the authors, but they must
be as indicated. It is nof at all surprising that all three
models agree in the region of metallic hydrogén, since they
are all based on the same or similar (Ramsey and Miles) equation
of state. Peebles m;késfno statement about the transition to

solid hydrogen from the fluid state, so that one is left with
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the impression that the phase change is directly from fluid
to metallic hydrogen. De Marcus incli'izs some solid hydrogen
but states that the fluid state might persist up to the trans-
ition to the metallic phase.

As in the ionospheric studies, results tend to agree,
even though the assumptions differ. Although there may be

significant physical differences amor
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derive the data in Figure 9, the actual density distribution
probably lies near the curves shown there.

3.6.4 Spacecraft Measurements

A spacecraft on a fly-by mission to Jupiter does
not actually reach the interior. Even so, the interior can
"reach out" to produce measureable effects.

No experiment in Table 1 is directly oriented toward
studies of Jupiter's interior, but some are relevant. One
characteristic of the interior is its electrical conductivity,
which can act as a bounding parameter for model interior
studies. Field, Hyde, and Jamieson (1965) have suggested that
measurements of the magnetic field near Jupiter, Experiment 1
of Table 1, might be useful in obtaining conductivity profiles.

The composition of the atmosphere also serves as a
boundary condition for the model studies. Experiments 7 and 8
can measure this composition much more accurately at present.
In particular, the hydrogen and helium abundance, which are
parameters of great importance for model studies, would thus

be better determined.
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